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 Perovskite oxides exhibit a wide range of physical properties, such as high 
dielectric, piezoelectric, pyroelectric, ferroelectric/multiferroic, non-linear optical, 
ferromagnetic, colossal/giant magnetic resistant and high-temperature superconductoring 
properties.
1
 Some examples are outlined in Table 1.1. Because of the wide spectrum of 
electronic, optical and magnetic properties of perovskite oxides, these oxides and their 
hetero-structures / super-lattices will be core-elements of next generation functional 
devices for sensors, signal processing, electric/optical circuits and energy conversion.
2-5
 
 With the minimization in the electronic devices, perovskite oxides in thin film 
morphology are a vital field of research.
3-5
 Normally the thickness of oxide thin films is 
of the sub-micrometer and nano-meter scale. Nano-meter scale oxides could have 
different properties with respect to their bulk counterparts, because the size effects are 
dominant at the nano-meter scale.
6-8
 It is of equal importance to tailor physical properties 
through dedicated growth control during thin film deposition. Compared with bulk 
materials, perovskite oxides are grown on commercially available single crystalline 
substrates by physical (such as pulsed laser deposition, molecular-beam epitaxial) and 
chemical methods (for example, metal-organic chemical vapor deposition, sol-gel 
deposition).
9
 Substrates have previously been treated as inert templates to accommodate 
 2 
atoms escaped from vapor/plasma. Currently, however, substrates are being exploited to 
engineer the physical properties in perovskite oxide thin films.
10
 Until now, two-type of 
the special substrates have been used to control microstructures and physical properties of 
perovskite oxide thin films. One method uses small lattice-matched substrates. Normally 
the single crystalline materials must be synthesized as substrates by the Czochralski 
method.
11,12
 The aim of this application is to minimize the misfit strain between the 
substrates and thin films. The misfit strain comes from the different lattice parameters 
and the difference in thermal expansion between films and substrates. The other method 
uses the intentional-miscut commercial substrates. Miscut leads to a series of atomic 
steps on the substrate surface.
1,5,16
 These atomic steps provide the initial growth sites, 
which probably changes the growth mode in thin film deposition. This, in turn, could 
improve the physical properties in perovskite oxide thin films.
13-17
 The artificially 
engineered perovskite oxide thin films have chemical and structural variance in the nano-
meter scale, which requires precise characterization at a corresponding scale. 
Conventional and analytical transmission electron microscopy are indispensable for 
charactering artificially engineered perovskite oxide thin films at the atomic scale.
2,4
 The 
overall objective of this thesis is to study the microstructure of strain relaxation of 
BaTiO3 thin films grown on two small lattice-mismatched substrates (GdScO3 and 
DyScO3 substrates), the ferroelectric domain structures of BiFeO3 thin films grown on 
low (<1°) and high-angle miscut (miscut angle 4°) SrTiO3 substrates, as well as 
crystallographic domains of PrScO3 thin films grown on low (<1°) and high-angle miscut 
SrTiO3 substrates using state-of-the-art transmission electron microscopy, and then to 
correlate the structure-property relationships in these oxide thin films.  
 3 
 During the past few years, multiferroics (or called as magneto-electric 
materials/magnetically ordered ferroelectric materials) have received much attention in 
materials science community.
18-22
 Multiferroic materials show spontaneous electric 
polarization (electric dipole) and magnetization (electric net spin) simultaneously. The 
tremendous interest in this field stems from both potential device applications and 
fundamental research. One potential application of multiferroic materials is their 
development into novel magnetic-controlled or electric-controlled memory devices.
18
 In 
the fundamental research field, multiferroic materials provide good systems to study the 
physical coupling mechanism between ferroelectric spontaneous polarization and 
ferromagnetic magnetization in condensed matter physics.
18,19
 Until now, the studies of 
single phase multiferroic materials have focused on BiFeO3 and BiMnO3.
18-20
 BiFeO3 is a 
typical multiferroic material at room temperature, which becomes ferroelectric below 
1200 K and G-type anti-ferromagnetic below 780 K.
20,21
 As in ferroelectric thin films, 
extrinsic effects (such as strain clamping and ferroelectric domains) are critical to the 
measured physical properties in multiferroic materials.
18
 In this thesis, the ferroelectric 
domain structure in BiFeO3 thin films is engineered by means of miscut SrTiO3 
substrates. The domain structure and interfacial structure in BiFeO3 were studied by 
conventional and analytical transmission electron microscopy. It was found that different 
domain structures lead to different ferroelectric properties in BiFeO3 thin films. 
Recently, new single crystalline rare-earth scandates (such as GdScO3 and 
DyScO3) have been grown by the Czochralski method for use as substrates.
23-25
 
Crystallographic study has shown that GdScO3 and DyScO3 substrates provide 
compressive strain to BaTiO3 thin films, and lattice mismatch between GdScO3 (DyScO3) 
 4 
and BaTiO3 is as small as 0.56 % and 1.2 %, respectively.
23
 In addition, recent in-situ x-
ray diffraction has shown that the difference in thermal expansion between these two 
materials and BaTiO3 is relatively small.
24
 The average thermal expansion coefficients of 
BaTiO3, GdScO3 and DyScO3 are 12.7, 8.4 and 10.9 ppm/K, respectively. Coherent 
BaTiO3 thin films with a SrRuO3 bottom electrode layer grown on GdScO3 and DyScO3 
substrates show enhancement of Curie temperature and spontaneous electric 
polarization.
25
 Transmission electron microscopy and thermodynamic calculation are 
applied to study the strain relaxation in BaTiO3/SrRuO3 hetero-structure grown on 
GdScO3, DyScO3 and SrTiO3 substrates. 
Unlike GdScO3 and DyScO3 substrates, PrScO3, another rare-earth scandate, 
exerts tensile stress on BaTiO3 thin film that is grown above. However, PrScO3 is 
difficult to synthesize using the conventional Czochralski method due to a melting 
temperature of 2100 °C and non-congruent behavior at the melting temperature.
26
 
Therefore, a strain-relaxed, single-domain PrScO3 template is an alternative to a single 
crystal PrScO3 substrate. In this thesis, strain relaxed PrScO3 templates were grown on 
low (<1°) and high-angle (≥1°) miscut SrTiO3 substrates using pulsed laser deposition. 
The domain structure, interface structure and defect structure in PrScO3 thin films were 
characterized by electron diffraction and high resolution transmission electron 
microscopy.  
 This thesis is organized in the following way. In chapter 2, experimental methods 
including transmission electron microscopy, TEM sample preparation and deposition 
method are described in detail. In chapter 3, the microstructures of BiFeO3 thin films 
grown on low (miscut angle <1°) and high-angle (miscut angle is 4°) miscut SrTiO3 
 5 
substrates are presented. The different domain structure, in turn, leads to different 
ferroelectric properties of BiFeO3 thin films. In chapter 4, strain relaxation of the 
BaTiO3/SrRuO3 hetero-structure grown on compressive-type GdScO3, DyScO3 and 
SrTiO3 substrates is studied. The different strain relaxation in BaTiO3 with different 
thicknesses grown on GdScO3, DyScO3 and SrTiO3 substrates were observed. 
Experimental observation is discussed by means of thermodynamics critical thickness 
theory. In chapter 5, the crystallographic domain structures, interfacial structure and 
defect structure of PrScO3 templates grown on low (miscut angle <1°) and high-angle 
(miscut angle ≥1°) miscut SrTiO3 substrates were studied. Finally, a summary of current 


















Table 1.1 Examples of perovskite oxides and their physical properties. The materials 
studied in this thesis are highlighted by italicization 
 
Materials Physical properties 














 and M=0.04 μB 
Conductor-SrRuO3
5
 ρ=210 µΩ·cm (Temperature=300K) 
High-temperature superconductor-
YBa2Cu3O7-x








 Ms=0.04 μB 
*
 High-k materials in here represent the materials which have larger dielectric constant 
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2.1. Conventional and analytical transmission electron microscopy 
 
The first transmission electron microscope (TEM) was built by Knoll and Ruska 
in the early 1930s.
1
 The underlying principle of TEM is that the electron is a type of 
waves, which has wave properties similar to an optical wave. After an electron wave 
transmits through objectives whose sizes are of the same order of magnitude as the 
electron wave length, interference and diffraction will occur among the transmitted 
waves. In addition, a combination of magnetic coils can be used to focus the electron 
beam. Therefore, a TEM consists of an electron gun and an assembly of electron lenses. 
TEM has many similarities to an optical microscope.
1
 A schematic of the details of 
microscope and the corresponding ray paths can be found in Hirsch’s classic book.
2
 The 
electron microscope is currently a well-established research tool in the materials science 
community.  
 Conventional TEM comprises diffraction contrast imaging and electron 
diffraction. By means of imaging and diffraction, we can study the morphology, planar 
defects (e.g. ferroelectric/ferromagnetic domain walls, stacking faults), line defects (e.g. 




 Normally, computer-based electron diffraction simulation software (such as 
Crystalkit or EMS software) is needed to analyze electron diffraction patterns.
3
 
 Compared with conventional TEM, analytical TEM comprises many tools for 
structural and chemical characterization of electron transparent thin foils beyond the 
diffraction contrast and electron diffraction used in conventional TEM.
1,4,5
 The chemical 
analysis in analytical TEM is based on many analytical spectroscopic methods, such as x-
ray energy dispersive spectroscopy (EDS), electron energy loss spectroscopy (EELS) and 
scanning transmission electron microscopy (STEM). The principle of these spectroscopic 
methods is based on the interaction between the ultra-high speed electron beam and thin 
foil materials. The interaction generates many useful signals, such as characteristic x-ray 
generation, Auger electron emission, secondary electron and characteristic 
electroluminescence. These signals can be used to obtain chemical information about the 
samples in question. One more interesting point is that in STEM mode, the nano-meter 
scale electron probe can be formed by precisely controlled electric circuits. The probe is 
then scanned across the electron transparent thin foils. Combining the aforementioned 
spectroscopic techniques (such as EDS or EELS) under STEM mode, chemical analysis 
at the nano-meter scale in thin foil materials is possible. In other word, chemical analysis 
with spatial resolution at the nano-meter scale can be realized with state-of-the-art 
STEM. Currently, analytical TEM is an indispensable tool in characterization at atomic 
scale for many materials. An introduction to the basic principle of analytical TEM and 




2.2. Thin film growth 
 12 
All the thin films studied in this thesis were synthesized by Professor Chang-
Beom Eom’s group at The University of Wisconsin-Madison in Madison. The perovskite 
oxide thin films studied in this thesis were grown by either pulsed laser deposition or 
high-angle offset radio frequency sputtering.  
Because the BiFeO3 and PrScO3 thin films studied in this thesis were grown on 
miscut substrates, it is necessary to discuss the surface conditions of the miscut 
substrates. Physically, the surfaces of the substrates are not atomically flat. The miscut 
angle in commercially available substrates is less than 1° (the tolerance of cutting process 
is less than 1° in industry). There are many steps, terraces and self-organized dimers on 
the substrate surfaces.
7,8
 Characterization of these features is a major great work in the 
surface science community. However the distribution of atomic steps and terraces are not 
homogeneous in unintentionally miscut substrates. In contrast to unintentionally miscut 
substrates, the cutting angle in miscut substrates is normally larger than 1°. Miscut forms 
a series of parallel atomic steps on the substrate surfaces.
 7,8
 One of step is illustrated in 
figure 2.1. There is a simple linear relationship between the height of atomic steps and 
the terrace length. The ratio of the step height to the terrace length may be obtained from 
the tangent of the miscut angle. When the miscut angle is smaller than 5°, the tangent of 
the miscut angle can be approximated as miscut angle α (tan(α)≈α, angle α must be 
written in radians). Then relationship between step height h and terrace length L is: 
h/L=tan(α)≈ α if α is smaller than 5°. The aforementioned surface morphology on vicinal 
substrates has been observed by atomic force microscopy (AFM).
7,8
 In contrast to the 
growth of thin films on unintentionally miscut substrates, parallel atomic steps on the 
miscut substrates probably change the growth mode from two/three-dimensional to step- 
 13 
flow growth in thin films deposition.
8
 Previous studies have corroborated that the 
dominant growth mode in SrRuO3 grown on miscut SrTiO3 substrates is step-flow 
growth.
8
 However, the real process of growth mode change are kinetic controlled, many 
external factors affect the growth details. Step-flow growth is one of the limiting cases. In 
this case, the adatom diffusion lengths at growth temperature and pressure are long 
compared to the mean terrace width on the surface. Then adatom condensation will occur 
preferentially on steps rather than on terraces. Step flow leads to step-step annihilation 
and a gradual reduction in step density with increase films thickness.
7,10
 From this 
simplified case, we can see that growth mode in thin film grown on miscut substrate is far 
from clear. Thus further study for growth mode change on vicinal substrates, such as via 
in situ scanning tunneling microscopy (STM) or reflection high-energy electron 
diffraction (RHEED) under different temperatures and pressures, is needed.
7
 
The background of BiFeO3, BaTiO3 and PrScO3 study was discussed at the 
literature review part in corresponding chapters. Here we focused on introducing of 
crystal structures and growth details of these thin films. The crystallographic information 
of these film and substrate materials is given in tables 2.1 and 2.2, respectively.
7,9 
It can 
be seen that though there are different oxygen octahedron distortions in these materials, 
they can all be viewed as pseudo-cubic perovskite structures. By means of the pseudo-
cubic setting, it is easy to describe defect structures in these materials. 
BiFeO3 thin films with thicknesses ranging from 200 nm to 1000 nm were 
deposited by high-rate off-axis sputtering on 0.8° and 4° miscut (001) SrTiO3 substrates 
with 100 nm SrRuO3 bottom electrodes.
11
 The substrate was miscut along the [010] 




 A stoichiometric composite target was used during the growth. SrRuO3 films 
were deposited at an operating pressure of 200 mTorr (60 % Ar and 40% O2) and a 
temperature of 680 °C. After deposition, the SrRuO3 films were cooled down to room 
temperature under an oxygen pressure of 300 Torr. The BiFeO3 layers were also grown 
by 90° off-axis radio-frequency (rf) magnetic sputtering. To compensate for Bi 
volatilization from the films, 5% excess Bi2O3 (55% Bi2O3 and 45% Fe2O3 composite) 
targets were used in the rf sputtering. During the BiFeO3 film deposition, the substrate 
was maintained at 600 °C with an oxygen pressure of 400 mTorr. The BiFeO3 films were 
also cooled down to room temperature under an oxygen pressure of 300 Torr. 
During the growth of the BaTiO3/SrRuO3 hetero-structure on GdScO3 and 
DyScO3 substrates, SrRuO3 electrodes with different thicknesses were grown by off-axis 
high-rate rf magnetic sputtering as well. BaTiO3 layers of different thicknesses were 
deposited at 700 °C and 250 mTorr O2 atmospheres by pulsed laser deposition with a KrF 
excimer laser.
12
 The wavelength of laser and pulse repetition are 248 nm and 5 Hz, 
respectively. The laser energy density during the growth is 3.3 J/cm
2
. The BaTiO3 thin 
films were cooled down to room temperature under an oxygen pressure of 300 Torr. 
PrScO3 thin films were grown by pulsed laser deposition on (001) miscut SrTiO3 
and (LaAlO3)0.3-(Sr2AlTaO3)0.7 (LSAT) substrates.
13
 Substrate miscut was toward [010] 
in the in-plane with the miscut angles of 0.2°, 1°, 2° and 4°. The miscut angle of LSAT is 
2°. The surfaces of the SrTiO3 substrates were TiO2 terminated using a special etching 
method.
13
 The PrScO3 layers were synthesized by a direct or two-step growth method. In 
the two-step growth procedure, a 30 nm PrScO3 buffer layer was deposited at 900 °C and 
250 mTorr O2 atmospheres using pulsed laser deposition with KrF excimer laser. The 
 15 
parameters of laser are: the wavelength of the laser and pulse repetition were 248 nm and 
5 Hz, respectively. The laser energy density during the growth was 3.3 J/cm
2
. This 30 nm 
PrScO3 buffer layer was annealed ex situ at 1200 °C in air for one hour to improve the 
crystalline quality. Finally, the 100 nm PrScO3 thick film was deposited using the same 
procedure that is used to grow 30nm buffer layer. In the direct growth method, PrScO3 
thin films with thickness of 130 nm were deposited on substrates by pulsed laser 




2.3. Microstructure characterization and TEM sample preparation 
 
All TEM studies were carried out on a high-resolution JEOL 3011 microscope 
operated at 300 kV with optical point-to-point resolution of 0.17 nm, an analytical JEOL 
2010F microscope equipped with a energy dispersion spectroscopy (EDS) detector and 
an electron energy loss spectroscopy (EELS) detector (Gatan imaging filter (GIF)) and a 
Philips CM12 microscope operated at 120 kV equipped with high-angle tilting (~50°) 
holder. 
TEM sample preparation is the critical step in TEM work. The major difficulty is 
making the sample thin enough for electron transparency and avoiding artifacts induced 
by ion-milling. Different methods are applied for different materials, such as metal, 
ceramics and polymers. A comprehensive list of TEM sample preparation is listed on 
page 172 in the William and Carters’ textbook.
1
 In addition, there are many helpful 
discussions of TEM sample preparation in chapter 2 at Hirsch’s classic book.
2
     
 16 
Cross-sectional and planar-view TEM specimens were prepared by the following 
procedure. If the substrate was the intentional miscut SrTiO3, the cross-sectional TEM 
specimens were cut along miscut direction (see figure 2.2). This enables us to observe the 
effect of the atomic steps on the substrate surface on oxides thin films. The slices were 
then glued face-to-face with a sacrifice Si piece using M-bond 610
TM
. Several pieces of 
approximately 1 mm thickness were cut from a large one. For each small piece, one side 
of the specimen was polished and polished side was glued to a Mo/Cu-grid with M-bond 
610
TM
. Finally, the other side was mechanically ground, dimpled (Gatan dimple grinder 
Model 656) and Ar-ion milled (Gatan Precision Ion Polishing system PIPS Model 691) at 
4.0 kV to electron transparency. In the planar-view TEM specimen preparation, several 
2.5×2.5 mm
2
 pieces were cut from a large piece. The thin film’s side was glued on a Mo-
grid by means of M-bond 610
TM
 as well. Then the substrate side was mechanically 
ground until the thickness of the sample was about 40 μm. Finally, the substrate side was 
ion-milled by Ar-ion milling at 4.0 kV to electron transparency. 
The TEM micrographs were processed with DigitalMicrograph and Adobe 
Photoshop software. Electron diffraction simulation was performed by EMS and 
Crystalkit software. EDS and EELS spectra were processed by EDX and Gatan 









Table 2.1 Space group symmetry and lattice constants of BiFeO3, BaTiO3 and PrScO3 






Lattice constant (Å) 
Lattice constant in 
pseudo-cubic setting (Å) 
BiFeO3
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Table 2.2 Space group symmetry and lattices constants of substrates and electrode used 
in this thesis at room temperature 
 
 
Materials Space group Lattice constants (Å) 
Lattice constant in 
pseudo-cubic setting (Å) 
SrTiO3
19













































Fig. 2.1 A schematic of surface condition on the miscut substrate. One atomic step on 
the surface of miscut substrate is highlighted by black lines. Atomic height h, terrace 























Fig. 2.2 A schematic of the cutting direction in TEM specimen preparation for thin films 
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FERROELECTRIC DOMAIN STRUCTURES OF BiFeO3 THIN FILMS GROWN 




In recent years, there has been an intense focus by the material science 
community on multiferroic materials.
1-7
 Multiferroic materials, as the nomenclature 
indicates, have ferroelectric (or antiferroelectric) and ferromagnetic (or 
antiferromagnetic) properties simultaneously. Because of these unique properties, 
multiferroic materials have strong potential applications in developing electric field 
controlled or magnetic field controlled memory device.
3
 In addition to their potential 
application, multiferroic materials are also interesting for fundamental science. They 
provide an ideal system for studying the coupling mechanisms between spontaneous 
electric polarization (the ferroelectric order parameter) and magnetization (the magnetic 
order parameter). This is a very important problem in condensed matter physics.
3
 
 It is well known that the ferroelectric domain structure is the major extrinsic 
factor to the ferroelectric properties.
3
 Up to now, the ferroelectric domain structure of 
BiFeO3 has been mainly characterized by piezoelectric-force microscopy (PFM).
4,7
 
Transmission electron microscopy (TEM), however, can be used to determine domain
 24 
type unambiguously and study the interaction between ferroelectric domains and 
crystalline defects such as misfit dislocations.
8,9
  
 In this chapter, we systematically characterized the defects, interface structures 
and domain structures in BiFeO3 thin films grown on miscut SrTiO3 substrates by TEM. 
Different ferroelectric domain structures are correlated to measured ferroelectric 




3.2. Background and literature review 
 
The physical theory of multiferroics involves understanding the origin of 
magnetic order and ferroelectric order simultaneously, as well as the possible 
microscopic/macroscopic interactions between ferromagnetic and ferroelectric ordering. 
This extremely profound problem is beyond the scope of this thesis.
1-7
 In this part, we 
limit the summary to studies on BiFeO3, the possible domain structures of rhombohedral 
ferroelectric thin films grown on cubic perovskite substrates, and effect of domain 
structures on physical properties. More details of this field can be found in some 




3.2.1 Multiferroic material-BiFeO3 
 
A. Pure BiFeO3 and doped BiFeO3 
  
 25 
Single phase multiferroic materials normally have pseudo-cubic perovskite 
structures and a general formula ABO3, where A is an easy polarization element (such as 
Pb, Bi or a rare earth element); B is a transition metal (such as Mn, V and Fe); and O is 
divalent oxygen forming an O6 octahedral network.
2
 Normally, the 6s electrons of the A-
site cation induce ferroelectricity, while the unpaired 3d electrons of the B-site transition 
metal cations contribute to the ferromagnetic or anti-ferromagnetic properties.
2
 The most 
important multiferroic material at room temperature is BiFeO3, which is ferroelectric 
below 1100
 
K and G-type anti-ferromagnetic below 734 K.
10,11
 The most impressive 
property in BiFeO3 is the large spontaneous polarization over 50 μC/cm
2
 in thin film 
morphology, which is advantage to industrial memory devices.
4
 For example, Wang et al. 
reported a large spontaneous polarization (50-60 μC/cm
2
) in BiFeO3 thin films deposited 
by pulsed laser deposition.
12
 Weak ferromagnetism and coupling between ferromagnetic 
and ferroelectric ordering are also reported. They attributed the ferroelectric properties to 
mechanical strain. However, later work cases doubts about the origin of measured 
ferromagnetic property in BiFeO3.
13,14
 Thus, the origin of the ferromagnetic properties of 
BiFeO3 is still an open question. High spontaneous polarization also has been observed in 
both BiFeO3 bulk and thin films synthesized by metal-organic chemical vapor 
deposition,
15-20
 high rate off-axis radio frequency sputtering
21
 and molecular beam 
epitaxial.
22,23
 It is valuable to mention the giant spontaneous polarization observed in 
BiFeO3 thin films. Yun et al. reported a spontaneous polarization as high as 150 μC/cm
2
 
in BiFeO3 thin films grown on Pt/TiO2/SiO2/Si substrate by pulsed laser deposition.
24
 
Later first-principles calculations confirm the giant spontaneous polarization in high c/a 
ratio (~1.26) tetragonal BiFeO3.
25
 Giant spontaneous polarization in BiFeO3 thin films is 
 26 
an essential property for ferroelectric dynamic random access memory devices. To couple 
BiFeO3 thin films with existing II-VI semiconductor materials, Tian et al. demonstrated 
the growth of epitaxial BiFeO3 on (0001) GaN with (111) SrTiO3 / (100) TiO2 buffer 
layer. X-ray diffraction (XRD) and TEM measurements show that the BiFeO3 has highly 
crystalline quality due to the SrTiO3 buffer layer despite the multidomain structure of the 





 This opens the possibility of integrating the multifunctional BiFeO3 to 
currently available II-VI semiconductor devices. 
As is well known, there is large current leakage in both BiFeO3 thin film and bulk 
counterpart.
3
 Doping different elements (especially transition metal elements) in BiFeO3 
is used to decrease leakage current. For example, Shannigrahi et al. doped Sc into BiFeO3 
thin films grown by sol-gel to decrease leakage current.
27
 This, in turn, improves the 
ferroelectric and ferromagnetic properties in Sc-doped BiFeO3 thin films. Doping with Ti 
can also decrease leakage current in BiFeO3 thin films, as reported by Wang et al.
28
 
Large enhancements in both remnant and saturated polarization were observed in Ti-
doped BiFeO3 thin films, too. Similar results were reported by Qi et al.
29
 Singh et al. 
studied the ferroelectric properties of Mn-doped BiFeO3 thin films grown by chemical 
solution deposition.
30
 Leakage current density can be decreased even at high electric field 
(0.6 MV/cm). A well saturated hysteresis loop with remnant polarization of 100 μC/cm
2
 
is obtained in Mn-doped BiFeO3 thin films. Kim et al. doped Cr into BiFeO3 thin films to 
decrease the leakage current.
31
 The leakage-current density in 3 mol % Cr-doped BiFeO3 




 at 100 kV/cm. A large remnant polarization (61 
μC/cm
2
) was measured in these films. 
 27 
In summary, BiFeO3 thin films with large spontaneous polarization (~60 and 90 
µC/cm
2
 in (001) and (111) BiFeO3 thin films) can be synthesized by chemical and 
physical methods. The serious current leakage can be remedied by doping different 
transition metals.  
 
B. Impurity phases in the Bi-Fe-O system 
In addition to the relatively high current leakage problem in BiFeO3, impurity 
phases are also found in BiFeO3 thin films, especially in samples synthesized by chemical 
solution methods. For instance, Murakami et al. demonstrated that the appearance of 
multiple phases is controlled by adjusting the oxygen pressure during the growth.
32
 With 
this method, the dominant phase in Bi-Fe-O system can be changed from ferroelectric 
BiFeO3 to the mixture of BiFeO3 and -type Fe2O3 or -type Fe2O3 phases. Electron 
diffraction shows that there is a defined crystallographic orientation relationship between 
BiFeO3 and iron oxides. Tyholdt et al. also studied the possible impurity phase in BiFeO3 
thin films synthesized by chemical solution deposition on Pt substrates.
33
 XRD and TEM 
analysis confirmed good orientation relationship between BiFeO3 and substrates. To 
compensate for the volatility of Bi, excess Bi content should be controlled well to have 
stoichiometric BiFeO3 films. However, in case of highly excess Bi content, Bi-rich phase 
formed at the BiFeO3/Pt interface. This phase was determined to be Fe substituted high 
temperature -Bi2O3. TEM results show that the preferential growth plane for this phase 
is (111) and (001) orientation with respect to the substrate. BiFeO3 grows with (012) 
coordination to (111) -Bi2O3 as well. The growth of this Bi-rich secondary phase was 
explained by crystallization theory. Lin et al. studied the impurity phase in BiFeO3 
 28 
ceramics doped with La.
34
 This ceramic sample was prepared by conventional solid-state 
reaction. In La-doped BiFeO3 samples, one phase transition aside from the 
antiferromagnetic Neel transition was observed. This phase transition was attributed to 
trace amounts of the impurity phase Bi2Fe4O9. Singh et al. also reported the generation of 
the Bi2Fe4O9 impurity phase in the BiFeO3 matrix.
35
 The volume fraction of the impurity 
phase decreases with increasing film thickness according to their study.  
In this chapter, we also check possible secondary phase formation in BiFeO3 thin 
films synthesized by off-axis sputtering.  
 
C. The study of ferroelectric domains in BiFeO3 
 The observation and understanding of ferroelectric domains in BiFeO3 is of vital 
importance for understanding the physical properties of this material. As early as 1984, 
Schmid et al. characterized the ferroelectric domains in single crystal BiFeO3 by optical 
microscopy. Some triangular fringes were determined to be 71° or 109° ferroelectric 
domains.
36
 Similar phenomena have been reported by Kubel et al.
37
 Recently, most of 
domain structure information of BiFeO3 has been obtained by piezoelectric force 
microscopy (PFM). For instance, Zavaliche et al. studied the polarization switching in 
BiFeO3 films grown on 0.8° miscut SrTiO3 substrates.
38
 Their study shows that 
polarization rotates by 71° and 109°, while 180° switching is mainly observed at low 
fields. In their subsequent work, they observed that the 71° domains are the dominant 
type in BiFeO3 thin films grown on 4° miscut substrate.
39
 Chu et al. also studied the 
domain structure in BiFeO3 by piezoelectric force microscopy (PFM). They found the 




 Shafer et al. used the PFM to detect and manipulate ferroelectric stripe domain 
in BiFeO3 thin films.
41
 Time-resolved imaging showed 71° and 109° domains switching 
in a needlelike region growing from one electrode toward the other in a uniform electric 
field, and reversible rotation of the 71° stripe domain orientation in a non-uniform field. 
However, pure 180° domain switching was suppressed by the electrode geometry. Zhao 
et al. studied the correlation between anti-ferromagnetic domains and ferroelectric 
domains under an external electric field.
42
 Ferroelectric domains were observed by PFM 
and anti-ferromagnetic domains were characterized by x-ray photoemission electron 
microscopy. In addition, antiferromagnetic domain switching induced by ferroelectric 
polarization switching was observed.     
 
3.2.2 The possible domain structures in rhombohedral ferroelectric thin films grown 
on cubic perovskite substrates 
 
The study of domain structure is a very important issue in ferroelectric materials, 
as it is the major factor affecting the measured ferroelectric properties. To completely 
understand this field, one must consider the crystallographic structures for all possible 
phases in ferroelectric materials, as well as thermal and electric history in those 
materials.
43-49
 Therefore, a comprehensive review for this field is beyond the scope of this 
chapter. We will only focus on possible domain configurations in rhombohedral 
ferroelectric thin films grown on (001) cubic perovskite substrates.
50-57
  The four possible 
spontaneous polarizations in ferroelectric thin films with rhombohedral structure are 
along <111> P (where subscription P represent in pseudocubic setting), which is shown in 
the figure. 3.1.
50




the domain wall planes are found where the spontaneous deformations produced by the 
transformation are matched so as to satisfy mechanical compatibility in the interface 
plane. The spontaneous strain tensor   in four types of distinct variants can be written as: 
50

































































































































































































































































Where ikl is a components of the spontaneous strain tensor for variant i, the mnQ are 
components of the electrostrictive tensor, and SP is the magnitude of the spontaneous 
polarization. The allowed domain boundaries between variants are those that have 
equivalent spontaneous deformation of the boundary plane. These coherent twin 
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boundaries can be determined by calculating the difference tensor ij of spontaneous 
strains between variants i and j. Then the displacement vector iju  is calculated as  
                                             ru ijij

                              (3.2) 
Where r

 is a general real space vector; ij describes the differences in spontaneous 
strains between two variants and iju represents the difference in spontaneous 
displacement between i and j variants. The coherent twin planes may be found by noting 
that lies in the twin plane, then the allowed nonzero component of iju is normal to the 
twin plane. That is, in the reference frame of the high temperature phase, the coherent 
twin planes have identical deformation within the twin plane in both variants. Thus the 
possible coherent twin planes (hkl) can be found by noting that iju is parallel to the 
normal to the plane (hkl) and that the displacement difference vector 
iju is perpendicular 
to any vector r

 in the twin plane, i. e., solving 
                                          0 rghkl

 and 0 ru ij

            (3.3) 
Directly leads to the coherent twin planes. As an example, consider the possible coherent 
twin planes between variants 1 and 2 for the ferroelectric rhombohedral phase. The 































             (3.4) 
And take r

 parallel to the direction [ uvw ] the displacement difference vector 
iju between variants 1 and 2 is  
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44                    (3.5) 
Setting the scalar product of iju with the direction [uvw] equal to zero leads to  
  02 244  wvuPQru S
ij              (3.6) 
This equation either has solutions for u =0, or wv  =0. Therefore, if u =0, any direction 
r

 =[0 vw ] lies in the (100) plane, which is therefore the coherent twin plane. Similarly, 
for r

 =[ vuv ], wv  =0, any direction [ vuv ] lies in the (011) plane, which is therefore 
the second possible twin plane. Following the same method, all coherent domain planes 
for the ferroelectric thin films grown on (001) cubic perovskite substrates are summarized 
in table 3.1.
50
 Three-dimensional schematics of 71° {101}-type and 109° {100}-type 
ferroelectric domain, two typical domain patterns in rhombohedral ferroelectric thin 
films, are shown in figure 3.2 (a) and (b), respectively.
50
 Their corresponding cross-
sectional views are presented in figure 3.2(c) and (d). These theoretical morphologies will 
be used to analyze experimental images.  
 From the energy consideration, the formation of domains in ferroelectric thin 
films leads to decrease the strain energy built in thin films.
51,52,55
 The strain energy comes 
naturally from the different lattice parameter between films and substrate, as well as 
thermal effect. Thermal effect stems from the fact that the thin films are normally 
deposited as high temperature (~500 °C to 800 °C), then cooled to room temperature after 
deposition under specific oxygen environment. Therefore, the width in ferroelectric 
domain reflects the balance of anisotropic elastic energy, domain wall energy, and 
electric energy.
51,56





 The major results obtained by these two methods are identical. 
 33 
But thermodynamic results need information of coefficients in free energy expanded as 
Landau-Devonshire series.
54,55
 These coefficients were measured from bulk materials, 
which are probably different from thin films counterpart.
54
 Therefore in coming 
discussion, we only introduce the mechanical method which was developed in 
Romanov’s papers.
51,52
  According to this method, the strain energy in {101} periodic 
domain r1/r4 lamellae (shown in Fig. 3.2(d)) consists of two parts: shear strain and biaxial 
strain energy. It is expressed as  
                                                           2elhGE                 (3.7) 
where l and h  are domain width and thin films thickness, respectively. e is the angle 
distortion in rhombohedral structure deviation from ideal perovskite structure . And 
{101} surface energy is  
                                                       10122 hETwin           (3.8) 
where  101  represents the domain energy. The strain energy between r1/r4 domain and 
strain energy between thin films and substrates can be simulated by two types of coherent 
dislocations (Somigliana screw dislocation dipoles and quadrupoles).
51-52
 After long 































































Combining the above energy term, the energy change after the formation of {101}-type 

































































  (3.10) 
The calculated result of the energy change under different domain thicknesses is shown 
in figure 3.3. As shown in this figure, we can see that the formation of multidomains is 
energetically favorable. And there is an energy minimization under a specific domain 
width that is nominated as domain width at equilibrium condition. It is value to study the 
relationship between domain width at equilibrium condition and thin film thickness. By 
minimization of energy change in Eq. (3.10), domain width and thin film thickness are 
satisfied below self-consistent equation: 





                       (3.11) 
In the case of domain width being much smaller than thin film thickness, there is a simple 
square root relationship between domain width and thin film thickness. It is expressed as: 




















            (3.12) 
Experimental results will be fitted by this formula, and domain energy in BiFeO3 can be 
extracted from a fitting parameter. The aforementioned method can be easily extended to 
{100}-type ferroelectric domain lamellae easily. The details of this case can be found in 
Romanov’s paper.
51
 One more important issue is that the surface energy of {100}-type 
domains, according to Landou-Devonshire theory, is the three times of that in {101}-type 
domains.
58
 Therefore, it is reasonable to expect that the population of {101}-type 
domains is much higher than that of {100}-type ones  
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It should be emphasized that above discussion only considers mechanical 
condition at the ferroelectric boundaries. Other factors, such as the thermal history 
stemming from the different thermal expansion coefficients between films and substrates, 
also have dramatic effects to the ferroelectric domain structures. Until now, there are 
some papers discussing the stable domain configurations in ferroelectric thin films with 
tetragonal phase under different lattice mismatch and temperatures.
43-48
 Extension of 




          
3.2.3 The effect of ferroelectric domain on physical properties    
      
Ferroelectric domain structures have dramatic effect on physical properties. The 
classic example is the commercialization of periodically poled ferroelectric single crystal 
chip.
60
 The procedures in this work include designing electrodes, patterning electrodes 
using state-of-the-art photolithograph, poling ferroelectric domains confined by electrode 
pattern. The underlying physical principle is to manipulate ferroelectric domains. The 
non-linear optical beam can be coherently generated from two neighboring ferroelectric 
domains with opposite 180
o
 spontaneous polarization. Zhu et al. demonstrated the 
realization of three beam output in a quasi-periodic-poled LiTaO3 single chip.
61
 The three 
beam generation comes from fundamental incident beam, second-harmonic generation as 
well as sum-frequency-generation between fundamental and second-harmonic beam. The 
efficiency of sum-frequency-generation can be as high as 23.0%. Zhu et al, extended 




 Domain structures affect the piezoelectric and dielectric properties of 
ferroelectric materials too. For example, Nagarajan et al. demonstrated a significantly 
enhanced piezoelectric response by switching non-180
o
 domain walls under external 
electric field.
63
 Capacitors 1 μm
2
 show a double of the remnant polarization at voltage as 
15 V and piezoelectric coefficient of 250 pm/V. The piezoelectric coefficient is about 
three times of that in a single crystal with single domain (it is 87 pm/V in bulk sample). 
Xu et al. used electric-filed to manipulate the polar nano-regions in relaxor ferroelectric 
single crystals.
64
 Dielectric measurements on poled PZN along the [111] direction by a 
field of 20 kV/cm show that diffuse ferroelectric phase is much more pronounced than 
that in non-poled PZN. This proves that the electric poling enhances the ferroelectric 
order in relaxor ferroelectric materials.  
Up to now, to the best of our knowledge, there are two papers to discuss the 
manipulation of ferroelectric domains by means of vicinal substrates. Nagarajan et al. 
found that tetragonal PZT thin films grown on miscut (100) SrTiO3 substrates have 
preferential domain (a-type).
65
 The preferential domains are nucleated along the step 
edges on the substrate surface according to their opinion. And the critical thickness in 
formation of a-type domain is much lower than that in PZT grown on flat SrTiO3 
substrates. Finally, they proposed a model based on minimization of elastic energy to 
explain the preferential domain growth in miscut substrates. Chu et al. manipulated the 
ferroelectric domains by controlling the growth mode in SrRuO3 electrode.
66
 Step-grown 
SrRuO3 makes the formation of periodic domains in BiFeO3 thin films, while BiFeO3 
grown on SrRuO3 electrode of random surface has none-periodic ferroelectric domains. 
Some ideas in above two papers have similarity with these in this chapter, but we 
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systematically study this problem and correlate the physical properties with observed 
ferroelectric domain structures.
9




BiFeO3 thin films with several thicknesses ranging from 200 nm to 1000 nm were 
deposited by high-rate off-axis sputtering on 0.8° and 4° miscut (001) SrTiO3 substrates 
with 100 nm SrRuO3 bottom electrodes. The details of growth conditions have been 
described at chapter 2. To study the domain structures systematically, 200 nm and 600 
nm BiFeO3 were grown on low-angle (<1°) miscut SrTiO3 substrates; 200 nm, 450 nm, 
600 nm and 1000 nm BiFeO3 were grown on 4° miscut SrTiO3 substrates.  
The cross-sectional slices for TEM studies were obtained by cutting the 
BiFeO3/SrRuO3/SrTiO3 sample parallel to the miscut direction so that the atomic steps on 
the miscut substrate run along the electron beam direction. TEM studies were carried out 
on a Philips CM12 operated at 120 KV with a high-angle ( 50°) double-tilt holder and 
on a JEOL 3011 ultra high resolution TEM operated at 300 KV with a point-to-point 
resolution of 0.17 nm. Analytical transmission electron work was conducted in a JEOL 
2010F analytical TEM that are equipped with Oxford energy dispersion spectroscopy 
(EDS) detector and Gatan’s imaging filter tool. During the EDS and electron energy loss 
(EELS) characterization, a nominated 1-nm-size electron beam probe was used. The EDS 
spectra were processed by means of EDX Genesis software. And the Gatan 





3.4.1 BiFeO3 thin films grown on low-angle miscut SrTiO3 substrates 
 
 Figure 3.4(a) is a typical micrograph for the 200 nm BiFeO3 grown on low angle 
miscut (0.2°) SrTiO3 substrate with 100 nm SrRuO3 electrode. It can be seen the BiFeO3 
has uniform thickness through the films. And some particles are embedded in the films 
matrix. Selective area electron diffraction, EDS and EELS were conducted to study the 
particles’ properties. Figure 3.4(b) is the SAED pattern taken from area covering matrix 
and one particle which is indicated by a circle in Fig. 3.4(a). One can see that except the 
major spots that can be determined as perovskite BiFeO3 phase, there is a set of 
symmetric spots. These spots can be indexed well by assuming the particle as -type 
Fe2O3 oxide. The orientation relationship between BiFeO3 matrix and -type Fe2O3 can 
be expressed as: [ 142 ] ( 211 ) BiFeO3 // [ 211 ] ( 321 ) -Fe2O3. EDS spectrum taken 
from particle area is shown in figure 3.5(a). We can see that there are only Fe and O 
elements in the spectrum. Quantitative calculation proves that the atomic ratio between 
Fe and O is 0.6, which is close to the nominated one in chemical formula -Fe2O3. It 
should be mentioned that it is required to do calibration in quantitative EDS study. In our 
quantitative study, we chose the BiFeO3 matrix as internal reference and assumed that 
BiFeO3 matrix is stoichiometric. The same area was studied by EELS, which is shown in 
figure 3.5(b). One can see that there are Fe and O elements. Quantitative calculation for 
atomic ratio between Fe and O is close to EDS result, too.      
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Figure 3.6(a) shows a representative dark field cross-sectional TEM image for a 
600 nm BiFeO3 / 100 nm SrRuO3 film grown on a 0.8° miscut (001) SrTiO3 substrate. It 
can be seen that there are many fringes along the {101}P (in this chapter subscript P 
represents pseudo-cubic setting) and {100}P planes of the BiFeO3 thin films. The SAED 
patterns from two different areas, indicated by circles in Fig. 3.6(a), are shown in figure 
3.6 (b) and 3.6(c). The diffraction pattern in Fig. 3.6 (b), from region including the 
{100}P-type fringes, shows the clear splitting on high order reflection spots along [010] 
direction, indicated by arrows. This reveals that the {100}P type of fringes are 109° 
domain walls, which is consistent with previous theoretical discussion (shown in Fig. 3.2) 
for possible domain structures in rhombohedral ferroelectric thin films grown on (001) 
cubic perovskite substrates (such as SrTiO3).
50, 51
 On the contrary, diffraction spots in Fig. 
3.6(c) from region including the {101}P-type fringes are clearly elongated along the 
[101]P direction, also indicated by arrows. The corresponding fringes are determined to 
be 71
o
 ferroelectric domain walls.
50, 51
 In addition, Fig 3.6(a) shows that the population of 
{101}P-type domain walls is higher than that of {100}P-type domain walls. Similar 
phenomena has been observed in rhombohedral PZT bulk materials.
58
  
High resolution TEM images in Figure 3.7(a) and (b) show the atomic structures 
of 71° and 109° domain walls in the same specimen, respectively. It is evident that the 
structural width (defined by the contrast change in image) of the 71° domain wall is much 
smaller than that of the 109° domain wall.  This is possible due to the lower energy of 71° 
domain walls compared with that of 109° domain walls as discussed below. 
Phenomenological Landau-Ginzburg (L-G) free energy calculations show that the {100}P 




 and are therefore less likely to occur. This conclusion can also 
possibly be applied to ferroelectric thin films because the x-ray diffraction and electron 
diffraction result described above show that the BiFeO3 thin films studied in this work 
have been fully relaxed via formation of domains and misfit dislocations.
21
 The atomic 
structure of one misfit dislocation was studied by the HRTEM, which is shown in figure 
3.8. To identify the type of misfit dislocation, reverse-fast-Fourier-transformation (RFFT) 
image is shown at inset of figure 3.8. The corresponding area used to construct the RFFT 
pattern is indicated by white dash square. It is obvious that the Burgers vector belongs to 
<011>-type. Except the misfit dislocations, we can see that there is free of impurity phase 
at BiFeO/SrRuO3 interface and interface is atomically sharp. 
 
3.4.2 BiFeO3 thin films grown on 4° miscut SrTiO3 substrates  
  
In comparison to films grown on 0.8° (001) SrTiO3 substrates, the domain 
structure of BiFeO3 with the different thicknesses grown on 4° miscut SrTiO3 were also 
studied. Figure 3.9(a) and (b) show the representative TEM image of the 200 nm BiFeO3 
and 600 nm BiFeO3 thin films grown on 4° miscut SrTiO3 substrates with 100 nm 
SrRuO3 electrodes, respectively. Fringes parallel to [101]P direction can be seen in these 
BiFeO3 thin films. In accordance with the previous discussion, these fringes are 71° 
domain walls. The atomic structure for the 71° is shown in figure 3.10. One can see that 
it is identical to micrograph shown in figure 3.7(a). In addition, as shown in figure 3.9(a), 
there are periodic misfit dislocations generated at BiFeO3/SrRuO3 interface. The atomic 
structure of a misfit dislocation is shown in figure 3.11. The Burgers vector is also 
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determined as <011>P-type. A more interesting point is that there are no 109° domain 
walls in this sample. Similar results were obtained on 600 nm BiFeO3 / 100 nm SrRuO3 
heterostructure grown on 4° miscut SrTiO3 substrate, which is shown in Figure 3.9(b). It 
is apparent that the {101}P type 71° domain walls in BiFeO3 grown on 4° miscut SrTiO3 
(Fig. 3.9) are distributed much more uniformly in comparison with the films grown on 
0.8° (001) SrTiO3 substrates. The domain width and thin films thickness are indicated in 
figure 3.9(b). Plane-view TEM observations (not shown here) of the same films show 
that the 71° stripe domains are oriented perpendicular to the miscut direction, [100]P, in 
films grown on 4° miscut SrTiO3, but run along both the [100]P and [010]P directions in 
films grown on exact (001) SrTiO3. This explains why no domain walls are seen in some 
regions of cross-sectional specimen. These results agree well with the in-plane 




To test the validation of the single domain growth in BiFeO3 films on high angle 
miscut (miscut angle is 4°) SrTiO3 substrates, two other BiFeO3 thin films with 
thicknesses of 450 nm and 1 m grown on 4° miscut SrTiO3 substrates were studied. 
Figure 3.12 (a) and (b) are the typical bright-field micrographs for 450 nm and 1 m 
BiFeO3 films grown on 4° miscut SrTiO3 substrates with 100 nm SrRuO3 electrodes, 
respectively. We can see that there are only 71° lamellae ferroelectric domains in BiFeO3 
films. The relationship between 71° domain width and the thin films thickness for above 
4 BiFeO3 samples grown on 4° miscut SrTiO3 substrates were shown in figure 3.13. The 
solid line is the fitted result by means of Eq. (3.12), which agrees well with the 
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experimental values measured in TEM images. By fitting these data, the domain energy 
can be extracted as described at the following. 
  The ferroelectric hysteresis loops of 600 nm BiFeO3 thin films grown on 0.8° and 
4° miscut SrTiO3 substrates are shown in dot-triangle and solid-square curves in figure 
3.14. One can see that these hysteresis loops have well-defined saturated sharp. It means 
that the leakage current in these films is negligible. It should be emphasized that the 
saturated spontaneous polarization in BiFeO3 films grown on 0.8° and 4° miscut are 52.3 
and 57.9 μC/cm
2
, respectively. The different saturated spontaneous polarization in these 





3.5.1. The possible mechanism for single-domain growth in BiFeO3 on high-angle 
miscut SrTiO3 substrates 
 
Above TEM work imply that the atomic steps induced by the miscut of SrTiO3 
provide a preferred location for the nucleation and growth of 71° domains. It has been 
suggested that the nucleation of single domains on miscut substrates is due to either 
surface energy minimization or control of growth parameters to facilitate the step-flow 
growth from atomic steps, terraces & kinks on the surface of vicinal substrate.
67,68
  The 
growth of domains in BiFeO3 thin films involves the motion of domain walls which are 
oriented along the {101}P planes, in parallel with the [100] or [010] directions of SrTiO3. 
The substrate surface steps oriented perpendicularly to the miscut direction [100] induced 
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by miscut can play a role to pin the domain walls and limit the growth of domains in the 
direction perpendicular to the steps, thus resulting the one dimensional array of stripe 
domains observed. In other words, atomic steps probably can be worked as 71° domain-
pinning centers. And, according to above discussion, it is energetically favorable to form 
71° ferroelectric domain with respect to 109° ferroelectric domain. It is because that 





3.5.2. The domain energy in BiFeO3 
  
As we discussed in the introduction, the ferroelectric domain width is the result of 
competition between mechanical strain and domain energy. If the thickness of thin films 
is much larger than domain width, the dependence of domain with l at equilibrium on the 
thin film thickness h  can be written as: 




















                                               (3.12)     
where G represents Young’s modulus,  101  the domain energy, and s the rhombohedral 
distortion.
51
 The same scaling law is also kept for domain structure in ferroelectric thin 
films with tetragonal structure.
47
 As shown in figure 3.13, the fitting results agree well 
with the experimental values measured in TEM images. The fitting of experimental 




. In this 
calculation, Young’s modulus is estimated to be 100 GPa, a typical value for perovskite 
oxides.
11






109° domain energy is three times that of 71° domain.
58
 The calculated domain energy of 







3.5.3. The effect of domain structures on ferroelectric property in BiFeO3 films 
    
Different domain structures observed in BiFeO3 thin films grown on 0.8° and 4° 
miscut (001) SrTiO3 substrates result in different ferroelectric properties. As shown in 
figure 3.14, the saturated spontaneous polarization of 600 nm BiFeO3 grown on 0.8° and 




 TEM studies 
show that the BiFeO3 thin films grown on 0.8° (001) SrTiO3 substrate are composed of 
71° and 109° domains, while there is only 71° domain in BiFeO3 grown on 4° miscut 
SrTiO3. As a result, there exist a number of line defects at the junction between 71° and 
109° domain walls in films grown on 0.8° miscut (001) SrTiO3 substrates. The 
arrangement of atoms along these defects is highly disordered, thus domain walls can be 
pinned by these line defects. This may inhibit full polarization when the external electric 
field is applied to thin films. But quantitative contribution of the 109° domains embedded 
in 71° stripe domains matrix to measured saturated spontaneous polarization is still not 
clear, which will be studied by phase-field simulations.
59
 Therefore the multi-domain 
structure in BiFeO3 thin films grown on 0.8° miscut SrTiO3 substrates probably leads to a 
lower saturated spontaneous polarization, compared with BiFeO3 thin film grown on 4° 





 200 nm BiFeO3 thin films grown on low-angle (miscut angle 0.8°) miscut SrTiO3 
consist of perovskite BiFeO3 and -type Fe2O3 impurity phase. And there are 71° and 
109° ferroelectric domain walls in BiFeO3 thin films.  
 
 200 nm, 450 nm, 600 nm, and 1m BiFeO3 thin films grown on 4° miscut SrTiO3 
substrates are composed of 71° ferroelectric lamellae domains.  
 
 The misfit strain in BiFeO3 thin films grown on miscut SrTiO3 substrates is 
relaxed by the formation of ferroelectric domains and misfit dislocations. The Burgers 
vector of misfit dislocations belongs to <011>P-type.  
 
 The domain width in BiFeO3 thin films grown on 4° miscut (001) substrates 
increases as film thickness increases due to a reduction in domain wall energy. The 
domain width has a simple square root relationship with respect to thin films thickness. 
By fitting with theoretical result, the 71° and 109° ferroelectric domain energies in 
BiFeO3 can be extracted. 
 
 The mixture of 71° and 109° ferrelectric domains in 600 nm BiFeO3 films on 0.8° 
miscut SrTiO3 has lower saturated spontaneous polarization than BiFeO3 films grown on 
4° miscut SrTiO3 substrate. This is probably due to the crossover of domain walls of 







Table 3.1 Ferroelectric domain boundaries between different domain variants. The 
spontaneous polarization is along the [111], [ 111 ], [ 111 ], and [ 111 ] direction for 




Variant 1 2 3 4 




2   (010) 
( 1 01) 
 
3    (100) 

























Fig. 3.1 The four possible directions of spontaneous polarization in rhombohedral 
ferroelectric materials (redrawn after Fig. 1 at reference 51). In pseudo-cubic setting, the 
spontaneous polarizations  321 ,, rrr  and 

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Fig. 3.2 (a) The three-dimensional morphology of 109° ferroelectric domain ( 
21 rr ) 
lamellae. (b) The three-dimensional morphology of 71° ferroelectric domain ( 
41 rr ) 
lamellae. (c) The cross-sectional view of 109° ferroelectric domain lamellae. (d) The 






(100) Ferroelectric domain walls
(d)




















































Fig. 3.3 The energy change after the formation of 71° ferroelectric domain lamellae 
(shown in Fig. 3.2(b)) from single domain configuration under different domain width. 

















































Fig. 3.4 (a) The bright-field image for 200 nm  BiFeO3 thin films grown on 0.4° miscut 
SrTiO3 substrates with 100 nm SrRuO3 electrode showing existence of perovskite BiFeO3 
matrix and particle-like secondary phases. (b) The selective area electron diffraction 






























Fig. 3.5 (a) X-ray energy dispersive spectroscopy (EDS) spectrum of -Fe2O3 secondary 
phase. (b) Electron energy loss spectroscopy (EELS) spectrum with background 
subtracted of -Fe2O3 secondary phase.   
 






























































Fig. 3.6. (a) The dark field image for 600 nm BiFeO3 thin films grown on 0.8° miscut 
SrTiO3 substrates with 100 nm SrRuO3 bottom electrode showing the 109° and 71° 
ferroelectric domains. (b) The SAED pattern taken from 109° ferroelectric domain area 
indicated by white circle. (c) The SAED pattern taken from 71° ferroelectric domain area 
indicated by white circle too. The splitting/elongation in high-order reflection spots are 





































Fig. 3.7 (a) The high-resolution TEM micrograph of 71° ferroelectric domain. (b) The 
high-resolution TEM micrograph of 109° ferroelectric domain. The atomic distortion 

























Fig. 3.8 The atomic structure of a misfit dislocation generated at interface between 
BiFeO3 and SrRuO3 in sample 600 nm BiFeO3 grown on 0.8° miscut SrTiO3 substrate 
with 100 nm SrRuO3 bottom electrode. The inset is the reverse fast Fourier 























Fig. 3.9 (a) The dark field image of 200 nm BiFeO3 thin films grown on 4° miscut SrTiO3 
substrate showing the 71° ferroelectric domains lamellae. (b) The bright-field image of 
600 nm BiFeO3 thin films grown on 4° miscut SrTiO3 substrate with 100 nm SrRuO3 







































Fig. 3.10 The high-resolution TEM micrograph of 71° ferroelectric domain wall in 
BiFeO3 thin films grown on 4° miscut SrTiO3 substrate showing the atomic distortion 






















Fig. 3.11 The atomic structure of a misfit dislocation at BiFeO3/SrRuO3 interface in 























Fig. 3.12 (a) The bright-field image for 450 nm BiFeO3 grown on 4° miscut SrTiO3 
substrate with 100 nm SrRuO3 electrode showing 71° ferroelectric domain lamellae. (b) 
The bright-field image for 1000 nm BiFeO3 thin film grown on 4° miscut SrTiO3 




























Fig. 3.13 The relationship between domain width and thin film thickness. The discrete 
spots are experimental results and solid curve is fitting results. 
 















































Fig. 3.14 The ferroelectric hysteresis loops of 600 nm BiFeO3 thin films grown on 0.8° 
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 Mechanical strain can have a dramatic effect on the many physical properties of 
materials, which is much more significant in epitaxial thin films. This is because, in this 
scenario, the lattice mismatch and thermal expansion coefficient difference between thin 
films and substrates naturally provide the mechanical strain in coherent thin films. Three 
typical examples of physical properties enhanced by mechanic strain are given as 
following. Locquet et al. reported a doubled critical temperature in thin film of the high 
temperature superconductor La1.9Sr0.1CuO4 by means of epitaxial strain.
1
 Coherent 
La1.9Sr0.1CuO4 film grown on SrLaAlO4 substrate (lattice mismatch is 0.63 % in this case) 
has Curie temperature of 49 K with respect to 25 K in its bulk counterpart.
1
 Haeni et al. 
observed the ferroelectric transition temperature in strained SrTiO3 thin films at room 
temperature.
2
 The critical step in this work is to use new developed DyScO3 substrate, 
which has only 0.5 % lattice mismatch and relative small thermal expansion difference 
with SrTiO3. Zhao et al. studied the enhanced optical nonlinearity in strained BaTiO3 thin 
films.
3
 They grew BaTiO3 /SrTiO3 and Ce-doped BaTiO3/SrTiO3 superlattice
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by molecular beam epitaxial. The effective second-harmonic generation coefficient d33 of 
coherent BaTiO3 thin films has one order of magnitude larger than that in bulk 
counterpart. From above-mentioned examples, it is evident that strain in functional oxide 
thin films does enhance some physical properties with respect to strain-free counterparts.    
 Recently, we grew highly coherent and strain-partially relaxed BaTiO3/SrRuO3 
bilayer on GdScO3 and DyScO3 substrates by pulsed laser deposition.
4
 This chapter 
describes our studies of the strain relaxation in BaTiO3 thin films grown on three small 
lattice-mismatched substrates (GdScO3, DyScO3 and SrTiO3) with strained/strain-
partially relaxed SrRuO3 bottom electrodes by transmission electron microscopy. The 
strain relaxation mechanism is discussed by means of thermodynamic method. 
 
4.2. Background and literature review 
 
It is out of scope of this chapter to summarize the strain effect on physical 
properties of ferroelectric oxide thin films. We only summarize previous experimental 
and theoretical study of strain effect on BaTiO3 thin films (including monolayer & 
multilayer morphologies) in this section. In principle, strain relaxation of BaTiO3 thin 
films is directly correlated to strain effects. Strain relaxation and strain effect on BaTiO3 
thin films therefore should be summarized together. But some work, especially 
theoretical work, is mainly focused on strain effect on BaTiO3 thin films. In these work, 
the researchers assume simply that thin films are strained under substrates’ constraint. 
For the sake of clarity, we separately summarized strain relaxation and strain effects on 
BaTiO3 thin films. In addition, we will use critical thickness calculation to discuss strain 
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relaxation in BaTiO3/SrRuO3 bilayer in this chapter. Two critical thickness calculation 
models (Matthews-Blakeslee and People-Bean models) were summarized as well.  
 
4.2.1 Strain effects on ferroelectric properties in BaTiO3 thin films 
 
A. Theoretical calculation  
BaTiO3 is well known as a classic example of displacement ferroelectric 
materials.
5 
The origin of spontaneous polarization in displace ferroelectric materials is 
attributed to the atomic shift of the cation Ti
4+
 of 0.006 nm along c-axis with respect to 
center position in a standard cubic perovskite structure. At the same time, the O
2-
 anion 
has the opposite displacement along the same axis. Thus, a net microscopic polarization 
is formed. Normally, tensile and compressive strains have different effect on coherent 
BaTiO3 thin films. In detail, biaxial tensile strain depresses the spontaneous polarization 
and ferroelectric-paraelectric phase transition temperature, while enhancement of 
polarization and Curie temperature can be realized under biaxial compressive strain.
6-15
 
The results via first-principle calculation, thermodynamic Landau-Devonshire and phase-
field theory are summarized as following. For example, Neaton et al. studied the effect of 
compressive strain on ferroelectric properties in BaTiO3 thin films by means of first 
principles calculation.
6,7 
In their calculation, a strain state is formed in the epitaxial 
BaTiO3/SrTiO3 superlattice. The electric polarization enhancement in ferroelectric 
superlattice is discussed on different thickness ratio between BaTiO3 and SrTiO3. It is 
because that the different thickness ratio between BaTiO3 and SrTiO3 represents the 
degree of compressive strain to BaTiO3. The calculation proves that the large 
 70 
tetragonality in BaTiO3 is enhanced by nearly 70% for the compressive misfit strain of (-
2.28%). Nakhmanson et al. also studied similar problem by first principles calculations.
8
 
In their calculations, the polar properties in epitaxial short-period ternary 
CaTiO3/SrTiO3/BaTiO3 superlattice is investigated. Polarization enhancement with 
respect to bulk BaTiO3 is also found in this system. In addition, the degree of inversion-
symmetry breaking in three-component superlattice can be controlled by varying the 
thickness of the component layers.  
Besides the first principle calculations, there are some theoretical discussions of 
the same problem based on thermodynamics.
11-16
 Considering the coupling between 
electric polarization and lattice strain in a film/substrate system, the Gibbs free energy 
can be expanded by Landau-Devonshire series as:
11,12
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Where G is the free energy, 321 ,, PPP are spontaneous polarization along x, y and z 
direction, respectively. i is the stress element. ijs is electrostrictive coefficient. 1a  is 
expressed as  co TTa  (T  and cT are temperature and Curie temperature of ferroelectric-
to-paraelectric phase transition in ferroelectric materials, respectively), where the 
temperature effect is considered. Accounting for mechanical and electric boundary 
conditions, the relationship between strain and spontaneous polarization, as well as 
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strain-dependent Curie temperature can be obtained by minimizing Gibbs free energy. In 
detail, the mechanical boundary conditions are:
11,12
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where 
mu is a strain element induced by lattice mismatch between film and substrate. And 
the minimization of Gibbs free energy can be obtained as:   







                                          (4.3) 
Combined equations (4.2) and (4.3), the “misfit strain-temperature” phase diagram of 
(001) BaTiO3 thin films can be obtained, which is shown in Fig. 4.1.
16
 In this diagram, 
the possible domain patterns are indicated. As shown in Fig. 4.1, the compressive strain 
will keep spontaneous polarization along c-axis. However, under tensile stress, the novel 
ferroelectric state (a/b phase) can be realized. In other word, the spontaneous polarization 
in coherent BaTiO3 under tensile stress has component along a-b plane. This novel 
ferroelectric state stems from mechanical strain, which is different from multi-domain 
structures in strain relaxed BaTiO3.
16
  
As for effects of compressive strain on the Curie temperature in coherent (001) 















































  (4.4) 
The in-plane compressive strain effect has been considered in terms related to s . To 
obtain Eq. (4.4), the small spontaneous polarization around the Curie temperature has 
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been considered. Therefore, the dependence of Curie temperature on in-plane 
compressive strain can be expressed as:
4
 







                                                       (4.5) 
Where  and C are the Curie temperature and Curie-Weiss constant, respectively. 11s  and  
12s are elastic compliances. 12Q  is the electrostrictive coefficient. The parameters in this 
equation have been experimentally measured. However, the values are varied in different 
papers.
17
 The upper and lower limits of Curie temperatures under different compressive 
strains, by considering the variances in expansion coefficients, are shown in Fig. 4.2.  
 
B. Experimental study 
Although there are many theoretical works of strain effect on ferroelectric thin 
films, comparisons between these theoretical and experimental results have been 
available only recently. Schlom et al. grew BaTiO3/SrTiO3 superlattices with high 
crystalline quality by molecular beam epitaxy (MBE).
18
 To realize layer-by-layer growth, 
they used an atomic absorption spectroscopy to in-situ monitor the flux of all elements 
during the MBE growth, and then shutter-controlled and adsorption-controlled growth 
was developed to grow ferroelectric superlattices. The details for experimental setup and 
growth condition can be find in reference.
18
 Tian et al. used the quantitative high-
resolution TEM to study BaTiO3/SrTiO3 superlattices grown by MBE.
19
 Tetragonal ratio 
(c/a) of BaTiO3 layer in superlattices was measures as 1.05, in contrast to 1.013 in bulk 
counterpart. The enhancement of ferroelectric properties is supported by phase-field and 
first principles calculations. However, direct electrical measurements of these samples 
were hampered by large current leakage that probably stems from oxygen vacancies. 
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Shimuta et al. used pulsed laser deposition to grow asymmetric BaTiO3/SrTiO3 strained 
superlattices.
20
 The largest remnant polarization of 46 µC/cm
2
 was measured in a 
superlattice which has stacking periodicity of 15 unit cells BaTiO3 / 3 unit cells SrTiO3. 
The increase in the remnant polarization is attributed to the BaTiO3-rich structure and 
strain effects. Yanase et al. studied the thickness dependence of ferroelectricity in 
epitaxial BaTiO3 thin films.
21
 Their study proves that ferroelectric hysteresis loop can be 
measured even in 12 nm BaTiO3 thin films. In addition, the Curie temperature can be 
increased to 200 °C (it is 120 °C in bulk counterpart
5
), which is explained by misfit 
strain. Lee et al. reported a strong polarization enhancement in asymmetric three-
component ferroelectric superlattices.
22
 a three-component superlattice (BaTiO3 / SrTiO3 / 
CaTiO3) was grown layer-by-layer by pulsed laser deposition. Highly coherent interfaces 
among superlattice were corroborated by Scanning transmission electron microscopy 
(STEM) and x-ray diffraction (XRD) observations. The enhancement of ferroelectric 
properties is attributed to the mechanical strain in three-component superlattices.  
     
4.2.2. Strain relaxation study in BaTiO3 thin films      
  
Strain relaxations in monolayer BaTiO3 thin films are summarized in this section. 
Sun et al. studied the evolution of dislocation arrays in BaTiO3 thin films grown on (001) 
SrTiO3 substrates by MBE. TEM characterization corroborates that the critical thickness 
in this system is between 2 and 4 nm. The majority of misfit dislocations belongs to 
<100> type.
23
 Suzuki et al. systematically studied this problem by TEM, XRD and 
atomic force microscopy (AFM).
24
 Both <100>-type threading and <110>-type misfit 
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dislocations were observed in these BaTiO3 thin films. In addition, the dissociation of 
<110>-type dislocations was also observed in thick (>=100 nm) BaTO3 thin films. The 
dissociation generates the stacking fault with displacement vector of 1/2a<101>. They 
believed that the strain relaxation is attributed to the generation and evolution of 
dislocation half-loop in BaTiO3 thin films. Visinoiu et al. studied the initial growth stage 
of epitaxial BaTiO3 films on vicinal (001) SrTiO3 substrates.
25
 X-ray diffraction and 
cross sectional high-resolution transmission electron microscopy revealed well-defined 
epitaxial films and a sharp interface between BaTiO3 and substrates. The layer-then-
island growth model is employed to explain the observed morphology. Chen et al. 
studied the strain relaxation of BaTiO3 thin films that were grown on LaAlO3 substrates 
by metal-organic chemical vapor deposition (MOCVD).
26
 BaTiO3 thin films display 
(100) orientated growth in this case. Lattice mismatch strain is mainly relaxed by 
formation of misfit dislocations. Lei et al. reported a series of papers to study the strain 
relaxation of BaTiO3 thin films grown on MgO, MgO-buffered R-cut sapphire and (001) 
MgAl2O4 substrates.
27-29
 BaTiO3 thin films were deposited by laser ablation at different 
temperatures under oxygen pressure of 2×10
-3
 mbar. Different strain relaxation behavior 
was observed in BaTiO3 thin films grown on different substrates. The strain relaxation in 
BaTiO3 grown on MgO substrate is mainly due to formation of {111} stacking faults and 
nanotwins in BaTiO3 thin films. TEM studies prove that the stacking faults and 
nanotwins are bounded by partial dislocations. The partial dislocations are classified as 
Shockley type (a/3) <112> and Frankel type (a/3) <111> in this system. The movement 
of these plane defects and interaction among them are also discussed. In the case of 
BaTiO3 thin films grown on (001) MgAl2O4 substrates, BaTiO3 films grown at 850 °C 
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show the columnar structure.
29
 But when the growth temperature is increased to 900 °C, 
epitaxial BaTiO3 thin films can be obtained. In epitaxial BaTiO3 films, stacking faults 
and twins are the predominant strain relaxation defects in this system. The formation of 
these planar defects is attributed to the atomic steps on the substrate surfaces. 
      
4.2.3 Theoretic critical thickness in thin films 
  
A. Matthew model 
Strain relaxation in thin films is a critical problem not only in application but also 
in fundamental science.
30
 The study of strain relaxation in semiconductor thin films can 
be traced back to J. H. Van der Merwe and F. C. Frank’s classic works.
31,32
 In their work, 
they proposed an important parameter-critical thickness. The critical thickness is a 
criterion of determining whether misfit strain will relax or not. When the thickness of a 
thin film is smaller than the critical thickness, the mechanical strain between thin film 
and substrate is sustained. However, the strain in thin film is relaxed by the dislocations 
formation when thin film thickness is larger than critical thickness. The remaining 
problem is to how to predict the critical thickness in theory. Their work was extended 
substantially in Matthews’s papers.
33-35
 In these papers, the classic Matthews method is 
proposed. The critical thickness is calculated in the condition where the force exerted by 
the misfit strain is equal to tension in the dislocation lines.
33
 Therefore, the critical 
thickness, ch , is satisfied in this equation 

























                            (4.6)        
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Where f  is the lattice mismatch between film and substrate, b  is the magnitude of 
Burgers vector, v  is the Poisson ratio.   is the angle between the Burgers vector and the 
dislocation-line direction.   is the angle between the Burgers vector and the direction in 
the interface perpendicular to the dislocation line. 
  
B. People-Bean model 
Besides Matthew’s mechanical model, there is a People-Bean’s energy model. 
This model was proposed to explain the large deviation between experimental and 
theoretical results in GexSi1-x thin films grown by MBE. The experiments prove that the 
thickness of coherent GexSi1-x, grown on Si substrates, is as much as an order of 
magnitude larger than that predicted by Mathew’s method, especially in the case of lattice 
mismatch less than 0.5 %.
36,37
 In the People-Bean mode, the critical thickness is defined 
as the thickness at which the strain energy is equal to dislocation energy. The critical 
thickness ch can be calculated as:
36
 


























                              (4.7) 
where G  is the Young’s modulus. f  is the lattice mismatch between films and substrate; 
b and d  are the magnitude of Burgers vector and effective interfacial width of an 
isolated dislocation, respectively. A comparison between theoretical results calculated by 
the Matthew and People-Bean models is shown in Fig. 1 at the reference 36, there is a 
dramatic difference between these two methods in the case of small lattice mismatch 
(<1.0 %). Huang extended the People-Bean model to discuss the strain relaxation in 




It should be mentioned that attainment of a critical thickness predicted by both 
Matthew-Blakeslee and People-Bean models is not a sufficient condition for strain 
relaxation, kinetic factors must be considered to describe strain relaxation phenomena in 
thin films.
39-41
 In order for relaxation to occur in practice, it is necessary for threading 
dislocations exist in the strained layer and temperature permits rapid gliding of these 
threading dislocations at growth temperature.
39-41
 Therefore, thermodynamic, mechanical 
and kinetic factors will be discussed holistically for thick coherent growth of 




Five BaTiO3/SrRuO3 bilayer with different thicknesses were prepared by pulsed-
laser deposition: BaTiO3 (200nm) / SrRuO3 (50nm) / (110) GdScO3; BaTiO3 (50nm) / 
SrRuO3 (200nm) / (110) DyScO3; BaTiO3 (50nm) / SrRuO3 (100nm) / (110) DyScO3; 
BaTiO3 (100 nm) / SrRuO3 (100nm) / (110) DyScO3; and BaTiO3 (100 nm) / SrRuO3 (50 
nm) / (001) SrTiO3. Details of the growth condition have been described at chapter 2.
4
 
Planar-view and cross-sectional TEM samples were prepared by mechanical grinding, 
polishing and dimpling, followed by argon ion milling (PIPS
TM
 Model 691, Gatan, Inc.) 
at 4.0 kV to electron transparency. It is valuable to mention that one of the samples, 
BaTiO3 (50nm) / SrRuO3 (100nm)/ (110) DyScO3), was annealed at 1000 °C for 10 hours 
in ambient atmosphere. The aim of this experiment was to confirm that BaTiO3 films are 
truly constrained by rare-earth scandate substrates. The planar-view samples were ion-
milled from the substrate sides. Both a high-resolution electron microscope (JOEL 3011 
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operated at 300 kV with point-to-point resolution of 0.17 nm) and an analytical electron 





4.4.1 Strained BaTiO3 grown on GdScO3 and DyScO3 substrates 
 
Figure 4.3 shows a typical low-magnification cross-sectional bright-field image of 
a BaTiO3 (200 nm) / SrRuO3 (50 nm) bilayer grown on (110) GdScO3. It shows that both 
BaTiO3/SrRuO3 and SrRuO3/GdScO3 interfaces are free of dislocations. The dark band at 
the BaTiO3/SrRuO3 interface is due to diffraction contrast at the interface. The atomic 
structures at the BaTiO3/SrRuO3 and SrRuO3/GdScO3 interfaces, with electron beam 
aligned along the [100] zone axis of BaTiO3, are shown in Fig. 4.4(a) and (b), 
respectively. It can be seen that the both interfaces are fully coherent and atomically 
sharp.  
Similar results were obtained from BaTiO3 (50nm) / SrRuO3 (200 nm), BaTiO3 
(50nm) / SrRuO3 (100nm) bilayer grown on (110) DyScO3. Fig. 4.5 shows a cross-
sectional TEM image in which both BaTiO3/SrRuO3 and SrRuO3/DyScO3 interfaces are 
free of dislocations. HRTEM images for two interfaces are shown in Fig. 4.6(a) and (b). 
One can see that both the BaTiO3/SrRuO3 and the SrRuO3/DyScO3 interfaces are the 
coherent and atomically sharp, which are similar to Fig. 4.4(a) and (b). Fig. 4.7 (a) is the 
bright-field image of BaTiO3 (50nm) / SrRuO3 (100nm) grown on (110) DyScO3 
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substrate. It is evident again that the BaTiO3/SrRuO3 and SrRuO3/DyScO3 interfaces are 
coherent and dislocation free. As we discussed in the experimental section, the other 
piece cut from same sample characterized in Fig. 4.7(a) was annealed at 1000 °C for 10 
hours. And then similar TEM work was conducted for an annealed piece. The typical 
bright-field image of the annealed sample is shown in figure 4.7(b). It is obvious that 
coherent BaTiO3/SrRuO3 and SrRuO3/DyScO3 interfaces remain after long annealing 
time (10 hours) at high temperature (1000 °C). Therefore, we can conclude that these 
BaTiO3/SrRuO3 bilayers are coherently grown on GdScO3 and DyScO3 substrates.    
 
4.4.2 Partially relaxed BaTiO3 grown on DyScO3 substrate 
 
However, when the thickness of the BaTiO3 layer increases, the interface between 
BaTiO3 and SrRuO3 becomes partially relaxed and misfit dislocations form at the 
BaTiO3/SrRuO3 interface. Fig. 4.8(a) is a cross-sectional image of a BaTiO3 (100 nm) / 
SrRuO3 (100 nm) bilayer grown on (110) DyScO3. Dislocation cores at the 
BaTiO3/SrRuO3 interface are observed, while the SrRuO3/DyScO3 interface is free of 
dislocations. The distribution of dislocations along the BaTiO3/SrRuO3 interface is 
inhomogeneous. The average dislocation spacing of about 58 nm is much larger than the 
theoretical equilibrium dislocation spacing of 25 nm,
23
 which indicates that BaTiO3 thin 
film is partially relaxed. Fig. 4.8(b) is a planar-view TEM image of the same film. The 
orthogonal dislocation network consists of two perpendicular edge dislocation lines with 
Burgers vectors a

[100]BaTiO 3  and a

[010]BaTiO 3 , respectively. X-ray energy dispersion 
spectroscopy (EDS) analysis, shown in figure 4.9, confirmed that the area studied in Fig. 
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4.8(b) includes BaTiO3, SrRuO3, and DyScO3. Fig. 4.8(a) confirms that the dislocation 
networks shown in Fig. 4.8(b) are located at the BaTiO3/SrRuO3 interface. Figure 4.10 is 
the HRTEM image of a misfit dislocation generated at interface between BaTiO3 and 
SrRuO3. The Burgers circuit proves that Burgers vector of the misfit dislocations belongs 
to a
3BaTiO
100  -type. 
 
4.4.3 Partially relaxed BaTiO3/SrRuO3 bilayer grown on SrTiO3 substrate  
 
When the substrate is changed to SrTiO3, the strain relaxation behavior of BaTiO3 
and SrRuO3 bilayer is different from above scenarios. Figure 4.11 (a) and (b) are low-
magnification cross-sectional and planar-view micrographs of BaTiO3 (100 nm) / SrRuO3 
(50 nm) bilayer grown on (001) SrTiO3 substrate, respectively. As shown in Fig. 4.11 (a), 
it is obvious that there are misfit dislocations generated at both BaTiO3/SrRuO3 and 
SrRuO3/SrTiO3 interfaces. Statistical measurements prove that the dislocation spacings at 
BaTiO3/SrRuO3 and SrRuO3/SrTiO3 interfaces are 99 nm and 71 nm, respectively. 
Compared with dislocation spacing at equilibrium condition, one can see that lattice 
mismatch between BaTiO3/SrRuO3 bilayer and SrTiO3 substrate has been partially 
relaxed. The dislocation network is formed in the same sample, as shown in Fig. 4.11 (b). 
The area imaged in Fig. 4.11 (b) includes BaTiO3, SrRuO3 and SrTiO3, which was 
confirmed by chemical analysis (not shown here) using x-ray energy dispersion 
spectroscopy attached to the TEM. Therefore the dislocation network in this micrograph 
is the overlap of dislocation lines at both BaTiO3/SrRuO3 and SrRuO3/SrTiO3 interfaces. 
 81 
The orthogonal dislocation network is also composed of two perpendicular edge 




4.5.1. Strain relaxation of BaTiO3/SrRuO3 bilayer grown on GdScO3, DyScO3 and 
SrTiO3 substrate 
 
The above TEM results verify that the critical thickness of BaTiO3 thin films 
grown on GdScO3 substrates with coherent SrRuO3 layers is over 200 nm; while critical 
thickness of BaTiO3 thin films grown on DyScO3 substrates with coherent SrRuO3 layers 
is between 50 and 100 nm. Additionally the 100 nm BaTiO3 / 50 nm SrRuO3 bilayer 
grown on a SrTiO3 substrate has been partially relaxed at BaTiO3/SrRuO3 and 
SrRuO3/SrTiO3 interfaces. These results can be understood via holistically considering 
mechanical effect, kinetic effect, and thermodynamic calculation. 
In general, to ensure coherent growth in bilayer systems, the important structural 
parameters are the thickness of each layer and the lattice mismatch between each layer 
and substrate.
33-35
 Primarily, the mechanical properties are considered to be related to the 
coherent growth of BaTiO3/SrRuO3 bilayer on GdScO3 (DyScO3) substrates.
39-42
 We 









(f and t represent lattice mismatch and thickness, respectively). Although it ignores 
physical parameters like shear modulus, etc., it is a more accurate measurement of 




The theoretical average in-plane lattice mismatches between the BaTiO3 and 
SrRuO3 films and the three substrates, GdScO3, DyScO3 and SrTiO3, are calculated in 
table 4.1. One can see that in the BaTiO3/SrRuO3 bilayer grown on GdScO3 substrate, 
BaTiO3 is under compressive stress and SrRuO3 is under tensile stress. In other word, the 
mismatch strain in this specific bilayer system is compensated by the opposite sign of the 
strain in each layer. More specifically, the BaTiO3/GdScO3 lattice mismatch is 0.55 % 
(BaTiO3 in compression), while the SrRuO3/GdScO3 lattice mismatch is 1.07 % (SrRuO3 
in tension). The thickness normalized lattice mismatch for this system is 0.23 %, which is 
probably small enough to allow lattice coherency with only limited strain energy build-up. 
We believe this to be the reason that BaTiO3 (200 nm) / SrRuO3 (50nm) bilayer grown on 
GdScO3 substrates are still coherent. Stacking thin alternating layers with opposite strain 
states with respect to substrate has previously been used to growth thick, coherent 
semiconductor superlattices. As reported by Brenchley et al., coherent 
In0.59Ga0.41/In0.42Ga0.58 superlattices with thickness up to 2.4 μm can be grown on InP 
substrates.
43
 In this instance, the superlattice consists of layered pairs of alternating 0.4 % 
tensile and 0.8 % compressive strain. Similar results have been reported by Tamargo et 
al.
44
 In the case of BaTiO3/SrRuO3 bilayer grown on DyScO3 substrates, the strain state 
due to the lattice mismatch is similar to that of the same bilayer grown on GdScO3. 
Specifically, the compressive strain of BaTiO3/DyScO3 is 1.20 % and tensile strain of 
SrRuO3/DyScO3 is 0.4 %. In the BaTiO3 (50 nm) / SrRuO3 (200 nm) / DyScO3 sample, 
the thickness normalized lattice mismatch is 0.08 %, again this value is generally small 
enough to allow for coherent interfaces. However, the thickness normalized lattice 
mismatch in the BaTiO3 (100 nm) / SrRuO3 (100 nm) / DyScO3 sample is 0.4 %, which is 
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likely too high for fully coherent films, thus causing partial relaxation at the 
BaTiO3/SrRuO3 interface. When BaTiO3 / SrRuO3 bilayer was grown on a SrTiO3 
substrate, the mechanical condition is different from that in the same bilayer grown on 
GdScO3 (DyScO3) substrate. As shown in table 4.1, one can see that both BaTiO3 and 
SrRuO3 layers grown on SrTiO3 substrate are under compressive stress. The thickness 
normalized lattice mismatch in this sample is 1.65 %, which is much larger than that 
(0.4%) in strain-partially relaxed 100 nm BaTiO3 / 100 nm SrRuO3 grown on GdScO3 
substrate. Therefore the strain energy in 100 nm BaTiO3 / 50 nm SrRuO3 bilayer grown 
on a SrTiO3 substrate has been partially relaxed by the introduction of misfit dislocations 
at both BaTiO3/SrRuO3 and SrRuO3/SrTiO3 interfaces. 
Semi-quantitative calculations based on thermodynamic theory were conducted to 
corroborate the above discussion. As discussed in the introduction, within the frame work 
of a thermodynamic equilibrium theory, there are two widely accepted models used to 
determine the critical thickness: the Matthews-Blakeslee (mechanical equilibrium) 
model
33-35
 and the People-Bean (energy equilibrium) model.
36
 The former requires the 
total energy being a minimum at the critical thickness, while the latter assumes that the 
elastic energy is equal to the dislocation energy at the critical thickness. Generally, the 
Matthews-Blakeslee model, which has its physical basis stemming from a force balance, 
is frequently used to describe strain relaxation in thin film systems. On the other hand, 
the People-Bean model is more accurate in certain thin film systems which have 
extremely low initial dislocation densities, low dislocation mobility at growth 
temperature and small lattice mismatches (<1.0%) between thin film and substrate.
36,39
 
The critical thickness, hc, can be expressed in the Matthews-Blakeslee model (Eq. 4.6) 
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and in the People-Bean model (Eq. 4.7). The critical thickness predicted by the People-
Bean model is much larger than that predicated by the Matthew-Blakeslee model. 
Predictions by the People-Bean model are in much closer agreement with our 
experimental results, which is described at following. To simplify the mechanical 
problem in bilayer structure, the Young’s modulus and Poisson ratio difference in each 
layer are ignored. The People-Bean model applied to bilayer structure can be expressed 
as: 





























                (4.8) 
Where h  and f  are the critical thickness and lattice mismatch, with the subscripts 1 and 
2 representing the bottom and top layer, respectively. The phase diagrams of 
coherent/strain-relaxed BaTiO3 and SrRuO3 bilayer grown on GdScO3, DyScO3 and 
SrTiO3 substrates are shown in Fig. 4.12 (a), (b) and (c), respectively. The lattice 
mismatches between each layer and substrates, as shown in table 4.1, were used in the 
calculation. It can be seen from Fig. 4.12 (a) that the critical thickness of BaTiO3 is 225 
nm when SrRuO3 layer is 50 nm. Therefore the coherent 200 nm BaTiO3 / 50 nm SrRuO3 
/GdScO3 sample [Fig. 4.3] is in agreement with theoretical calculation. As shown in Fig. 
4.12 (b), the critical thicknesses of BaTiO3, with the thickness of SrRuO3 being 200 and 
100 nm, are 68 and 73 nm, respectively. In other word, it is expected that 50 nm BaTiO3 / 
200 nm SrRuO3 and 50 nm BaTiO3 / 100 nm SrRuO3 maintains coherency, while 100 nm 
BaTiO3 / 100 nm SrRuO3 will be relaxed. The agreement between theory and 
experimental results [Fig. 4.5, 4.7 and 4.8] is again notable. Finally, we can see from Fig. 
4.12 (c) that the critical thickness of BaTiO3 is 18.5 nm when the thickness of SrRuO3 is 
50 nm, much thinner than BaTiO3 layer in the 100 nm BaTiO3 / 50 nm SrRuO3 / SrTiO3 
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sample. Therefore, this calculation supports TEM observation [Fig. 4.11] that both the 
BaTiO3 and SrRuO3 layers are partially relaxed. 
In addition, thick and coherent BaTiO3/SrRuO3 grown on GdScO3 and DyScO3 
substrates could be due to the high crystalline quality (free of threading dislocations, 
cracks, etc) of substrates and bilayer. As was discussed earlier, the kinetic process for the 
strain relaxation in thin films is attributed to the generation and propagation of 
dislocations.
40,41
 As shown in Fig. 4.3 and 4.5, the absence of numerous threading 
dislocations in BaTiO3/SrRuO3 bilayer systems probably contributes to the coherent 
growth in the BaTiO3 (200nm) / SrRuO3 (50nm) / GdScO3 and BaTiO3 (50nm) / SrRuO3 
(200nm) / DyScO3 samples. More detailed experiments at initial growth stages of these 




4.5.2. Discussion of strain relaxation in bilayer by pseudomorphic layer model  
 
 Huang proposed pseudomorphic layer model to discuss strain relaxation in bilayer 
structures.
46
 It is assumed in this method that before strain relaxation begins, the bilayer 
will assume a pseudomorphic state to minimize built in strain energy. The in-plane 
pseudomorphic lattice constant, 
0a , is determined via strain energy minimization in 
bilayer. The strain relaxation in the bilayer is determined by the lattice mismatch between 
the substrate and pseudomorphic state. In other word, the bilayer structure can be 
simplified to a monolayer configuration by this method. The formation of a 
pseudomorphic state in bilayer structures has been observed in some experiments.
46-47
 In 
























































   (4.9) 
where E  is the strain energy in bilayer, v  is the Poisson ratio,   is the shear modulus, 
and a is the in-plane lattice constant, with the subscripts 1 and 2 representing the buffer 
and top layers. The effective in-plane lattice constant of bilayer can then be determined 






E ), which yields a common lattice constant of
46
 


































. According to equation (4.10), we can see that the in-plane 
pseudomorphic lattice constant includes the effects of anisotropic elastic property and 
thickness difference in each layer. The critical thicknesses, predicted by the People-Bean 
model, in BaTiO3/SrRuO3 bilayer with different thicknesses grown on SrTiO3, DyScO3 
and GdScO3 substrates can be calculated, which are shown in Fig. 4.13 (a), (b) and (c), 
respectively. In the above calculation, the shear moduli of BaTiO3 and SrRuO3 are 39.4 
GPa
48
 and 60.1 GPa
49





, respectively. For comparison with experimental results, the theoretical 
critical thicknesses, predicted by pseudomorphic layer model, of five experimental 
systems are shown in table 4.2. Compared theoretical critical thicknesses and those (total 
thickness of BaTiO3/SrRuO3 bilayer) in our experimental samples, samples 1, 2 and 3 
should be coherent, while samples 4 and 5 will be relaxed. These results are in agreement 
with our TEM observations [Fig. 4.3, Fig. 4.5, Fig. 4.7, Fig. 4.8, and Fig. 4.11]. It should 
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be noted, however, that above discussion cannot give any insight into how this strain 
relaxation is realized. 
 
4.5.3. Effect of strain on spontaneous polarization and Curie temperature in 
strained BaTiO3 thin films 
 
 The strained BaTiO3 thin films studied by TEM show enhanced ferroelectric 
properties. Figure 4.14 is the ferroelectric hysteresis loops measured for coherent BaTiO3 
thin films grown on DyScO3 (red curve) and GdScO3 (blue curve) substrates.
4
 We can 
see that the saturated spontaneous polarization in strain BaTiO3 thin films grown on 
DyScO3 and GdScO3 are about 80 and 50 µC/cm
2
, respectively. As a reference, the 





means that strained BaTiO3 thin films can have double or triple spontaneous electric 
polarization with respect to strain-free counterpart. This enhancement is dependent on the 
applied compressive strain. To the best of our knowledge, this is the largest spontaneous 
polarization reported in compressive-type strained BaTiO3 thin films. The Curie 
temperature for ferroelectric-to-paraelectric transition was measured by an in-situ x-ray 
diffraction heating experiment.
4
 The Curie temperature in strained BaTiO3 grown on 
DyScO3 and GdScO3 substrates are 400 and 540 °C, respectively.
4
 As shown in Fig. 4.2, 
the agreement between experimental and theoretical results is good when the deviation in 







 The different strain relaxation in BaTiO3/SrRuO3 with different thicknesses in 
each layer was observed by TEM. The different strain relaxation behavior was explained 
by thermodynamic critical thickness theory and kinetic consideration. Coherent 
BaTiO3/SrRuO3 can remain after high temperature annealing (1000 °C for 10 hours). The 
Burger vector for dislocations generated at BaTiO3/SrRuO3 interface belongs to <100>-
type. 
 
 Experimental and theoretical results show that the strain relaxation of 
BaTiO3/SrRuO3 bilayer is mainly determined by the lattice mismatch between the 
substrate and each layer, as well as the thickness of each layer. 
 
The compressive strain triples the spontaneous polarization in the strained BaTiO3 
thin film grown on DyScO3 substrate, compared with that in its bulk counterpart.  
 
Curie temperature is increased from 120 °C (strain-free BaTiO3) to 540 °C in 
strained BaTiO3 thin films grown on DyScO3 substrates, which is in agreement with 








Table 4.1 The average lattice mismatch between BaTiO3 (SrRuO3) and GdScO3 (DyScO3, 
SrTiO3).
4 
Where the lattice mismatch is defined as f=(asub-afilm )/afilm, asub and afilm are the 
average in-plane spacing of substrate and thin films, respectively.  
 
Film / Substrate Average mismatch (%) 
SrRuO3 / DyScO3 0.41 
BaTiO3 / DyScO3 -1.20 
SrRuO3 / GdScO3 1.10 
BaTiO3 / GdScO3 -0.56 
BaTiO3 / SrTiO3 -2.19 










Table 4.2 The theoretical critical thicknesses predicted by pseudomorphic layer model in 














1 200 50 GdScO3 550.0 
2 50 200 DyScO3 3100.0 
3 50 100 DyScO3 650.0 
4 100 100 DyScO3 170.0 




















Fig.4.1 The phase diagram of possible domain configuration in BaTiO3 thin films under 
different temperature and in-plane lattice mismatch (redrawn after Fig. 6 at the reference 
16). P, paraelectric phase; c, out-of-plane tetragonal phase; aa, orthorhombic phase with 















































Fig. 4.2 The dependence of Curie temperature in (001) single domain BaTiO3 thin films 
under different compressive strain. Two discrete spots are experimental results measured 




























































Fig. 4.3 Low-magnification bright-field micrograph for 200 nm BaTiO3 grown on (110) 
GdScO3 with 50 nm SrRuO3 electrode. Interfacial areas studied by HRTEM are indicated 































Fig. 4.4 HRTEM images for two interfaces in sample 200 nm BaTiO3/ 50 nm SrRuO3 
grown on (110) GdScO3 substrate (a) interface between BaTiO3 and SrRuO3; (b) 




























Fig. 4.5 Low-magnification bright-field micrograph for 50 nm BaTiO3 /200 nm SrRuO3 




























Fig. 4.6 HRTEM images for interfaces (a) between BaTiO3 and SrRuO3 (b) between 






























Fig. 4.7 (a) The bright-field image for 50 nm BaTiO3 / 100 nm SrRuO3 grown on (110) 
DyScO3 substrate. Two sharp interfaces are obvious in this micrograph. (b) The bright 
field image for sample studied in (a) after annealing (1000 °C for 10 hours). One can see 































Fig. 4.8 (a) Low-magnification bright-field micrograph of 100 nm BaTiO3 / 100 nm 
SrRuO3 grown on (110) DyScO3 substrates showing the misfit dislocation cores 
generated at BaTiO3/SrRuO3 interface. (b) planar-view TEM micrograph of 100 nm 



























                   
 
Fig. 4.9 X-ray energy dispersive spectroscopy (EDS) spectrum taken from area shown in 
Fig. 4.8(b). One can see that there are Dy, Sc, Ba, Ti, and O elements in this area. 
 













































Fig. 4.10 HRTEM image of a misfit dislocation at BaTiO3/SrRuO3 interface in sample 
BaTiO3 (100nm) / SrRuO3 (100nm) grown on (110) DyScO3 substrate. Burgers circuit 



























Fig. 4.11 (a) Low-magnification bright-field micrograph of 100 nm BaTiO3 / 50 nm 
SrRuO3 grown on (001) SrTiO3 substrate showing the misfit dislocation cores generated 
at BaTiO3/SrRuO3 and SrRuO3/SrTiO3 interfaces. (b) planar-view TEM micrograph of 


































Fig. 4.12 Theoretical critical thickness calculated by the People-Bean model for 
BaTiO3/SrRuO3 bilayer grown on GdScO3 (a), DyScO3 (b) and SrTiO3 (c) substrates. 






















































































































































































































Fig. 4.13 Critical thicknesses, predicted by pseudomorphic model, of BaTiO3/SrRuO3 
bilayer grown on SrTiO3 (a), DyScO3 (b) and GdScO3 (c) substrates under different 
BaTiO3 and SrRuO3 thicknesses. Monolayer SrRuO3 and BaTiO3 cases are labeled by a 
pentagon and a horizontal line, respectively. 
 






























































































































Fig. 4.14 The ferroelectric hysteresis loops of coherent BaTiO3 grown on DyScO3 (red 
curve) and GdScO3 (blue curve) substrates.
4
 The inset is the ferroelectric hysteresis loop 
of strain-free BaTiO3.  
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 In recent years, materials scientists have paid much attention to binary and ternary 
oxides containing rare-earth elements (e.g., Gd, Dy, Lu). Among them, ternary rare earth 
scandates, for instance GdScO3, DyScO3 and LuScO3, have attracted considerable 
attention.
1-15
 Research on these materials is stimulated by two potential applications in 
industry. Primarily, binary and ternary rare-earth oxides are good high dielectric constant 
(high-k) materials for replacing the SiO2 insulator layer in conventional complementary 
metal-oxide semiconductor (CMOS) large-scale integrated circuits. This is because 
thickness of SiO2 insulator layer in current CMOS chip is close to ten nanometers given 
the continued scaling down for electronic devices. Thus, serious leakage current and 
related energy dissipation in Si chips cause the electric devices to fail.
1
 To continue 
scaling down these devices and avoid leakage current, a new material with a high 
dielectric constant is required. The underlying principle for high-k dielectric materials is 
the increasing of the effective thickness of the gate insulator, while retaining equivalent 
capacitance values in thick SiO2 gate layer.
1
 Binary and ternary rare-earth 
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oxides are studied for this application.
1-11
 Secondly, rare-earth scandates (GdScO3, 
DyScO3) can be used as substrates to grow multifunctional perovskite oxides (such as 
ferroelectric BaTiO3, cuperate high-temperature superconductors SrxLa1-xCuO2) thin 
films.
12-15
 This application is due to the small lattice mismatch and relatively small 
thermal expansion coefficient difference between the films and substrates.
16
 Highly 
strained BaTiO3 thin films have been grown on GdScO3 and DyScO3 substrates. Strained 
BaTiO3 thin films show dramatically enhanced ferroelectric properties.
17
 According to 
crystallographic study, these two substrates provide compressive strain to BaTiO3 thin 
films since in-plane lattice constant of GdScO3/DyScO3 is smaller than that of BaTiO3.
17
  
 PrScO3 has the similar advantages as high-k candidate with other rare-earth 
scandates.
10
 Besides being a high-k candidate, single crystalline PrScO3 also can be used 
as a substrate to grow ferroelectric perovskite thin films. It should be mentioned that 
PrScO3 has larger lattice constant than BaTiO3, opposite to GdScO3 and DyScO3. PrScO3 
therefore provides tensile strain to coherent BaTiO3 which is grown above.
18
 However, 
single crystal PrScO3 can not be grown by conventional Czochralski method due to high 
melting temperature (~2100 °C) and non-congruence at the melting temperature.
19
 Strain-
relaxed PrScO3 template is an alternative to bulk counterpart. Recently, we grew strain-
relaxed, single-domain PrScO3 templates on high-angle miscut SrTiO3 substrates by 
pulsed laser deposition.
19
 The crystalline quality of these templates is close to that in 
single crystal SrTiO3 substrates.
19
 In this chapter, we characterized the crystallographic 









5.2. Background and literature review 
 
In this section, we summarize past studies of ternary rare-earth scandates as high-
k materials and growth of multifunctional perovskite oxides with high crystalline quality 
using rare-earth scandates as substrates. The effect of using vicinal substrates on the 
microstructure of thin films is reviewed as well. 
 
5.2.1. Study for rare-earth oxides used as high-k dielectric materials 
   







 thin films grown on Si substrates. For example, Lim et al. 
studied the dielectric functions and optical bandgaps in single crystal GdScO3 and 
SmScO3 by far ultraviolet spectroscopic ellipsometry and visible-near UV optical 
transmission measurements.
1
 Optical dielectric functions and optical band gap energies 
for these materials are obtained and discussed by first principles band structure 
calculations. Zhao et al. deposited GdScO3, DyScO3 and LaScO3 on (100) Si by pulsed 
laser deposition.
2 
They found that DyScO3 and GdScO3 preserve their amorphous 
structures up to 1000 
o
C. Dielectric constants were measured as ~22 and low leakage 
current comparable to HfO2 of the same equivalent oxide thickness is obtained. Thomas 
et al. deposited the DyScO3 on Si substrate via metal-organic chemical vapor deposition.
3
 
Films were amorphous with root mean square roughness less than 2 Å and were stable up 
to 1050 °C. Electric characterization yielded C-V curves with negligible hysteresis (<10 
mV), high dielectric constant (~22) and low leakage current. Afanasev et al. studied the 
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electron energy band alignment between Si and LaScO3, GdScO3 and DyScO3 by internal 
photoemission and photoconductivity measurements.
4
 The band gap is nearly same in 
these materials (~5.6-5.7 eV), the conduction and valance band offsets at Si/oxide 
interface are 2.0±0.1 and 2.5±0.1 eV, respectively. In their later report,
5
 they studied the 
effects of 1 nm SiOx interlayer on the band alignment between Si and complex rare earth 
oxides (LaAlO3, LaScO3, and Sc2O3). All these materials are found to have the same 
band offsets even though there is a thin layer SiOx layer. This suggests that the bulk 
electron states and properties of the semiconductor and insulator layer play a much more 
important role in determining the band lineup at the interface than any dipoles related to 
particular bonding configurations encountered in the transition region between Si and 
these oxides. Wagner et al. synthesized GdScO3 thin films on Si substrate by electron 
beam evaporation.
6
 Rutherford backscattering indicates that the GdScO3 is 
stoichiometric. Transmission electron microscopy (TEM) study shows that smooth and 
amorphous films can be stable up 1000 
o
C. Electric characterization revealed that the 
dielectric constant is 23 and leakage current is as low as 770 µA/cm
2
 for a capacitance 
equivalent thickness of 1.5 nm. Kim et al. grew GdScO3 films by atomic layer 
deposition.
7
 The films were pure and amorphous both as-deposited and after a 5 min 
annealed at 950 
o
C. TEM study proves that film has smooth interface with respect to Si 
substrate. Electric measurements give a dielectric constant of 22. GdScO3 films with a 1 
nm equivalent oxide thickness have low leakage currents of 2 mA/cm
2
 at 1 V gate bias. 
Edge et al. studied the thermal stability of amorphous LaScO3 films by high-resolution 
TEM (HRTEM), XRD and transmission infrared absorption spectroscopy.
8
 XRD studies 
showed that the films remained amorphous after annealing in N2 at 700 
o





the LaScO3 had started to crystallize and form a ~5 nm thick Sc-deficient interlayer 
between film and the Si substrate. Heeg et al. prepared LaScO3 film by pulsed laser 
deposition on SrTiO3 and MgO substrates.
9
 Electric measurement revealed that dielectric 
constant is around 20 to 27, leakage current of 0. 85 to 6 µA/cm
2
 at 250 kV/cm, a 
breakdown field of 0.6 to 1.2 mV/cm, and optical bandgaps of the films range from 5.5 to 
6 eV. Christen et al. studied the crystallization behavior of rare-earth scandates (Y, La, 
Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu).
10
 The crystallization temperature 
depends monotonically on the rare-earth element atomic number and Goldschmidt 
tolerance factor, with crystallization temperature as low as 650 
o
C for LaScO3 and 
PrScO3. The dielectric constant for crystalline films is 30, which is higher than that in 
their amorphous counterparts. The band gaps are both 5.5 eV, measured by ellipsometry. 
It is interesting to mention that meta-stable orthorhombic LuScO3 can be synthesized by 
epitaxial growth. Heeg et al. synthesized meta-stable LuScO3 with an orthorhombic 
structure by molecular-beam epitaxy and pulsed laser deposition on NdGaO3 and DyScO3 
substrates.
11
 Rocking-curve XRD measurements show that the full width at half 
maximum of (001) pole is as narrow as 0.05
o
. A critical film thickness of approximately 
200 nm is needed for the epitaxial stabilized perovskite polymorph of LuScO3 on 
NdGaO3 (110) substrates.   
In summary, rare-earth scandates are potential candidates to replace SiOx as 
insulator layer in novel CMOS structure. This is because rare-earth scandates show the 
relative high dielectric constant ranging from 22 to 32, large band gap (5.5~5.7 eV) and 
large band offsets for electrons and holes (2.2-2.5 eV), as well as relatively thermal 
stability at the high-k films/Si interfaces. It should be emphasized that epitaxial rare-earth 
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scandates have larger dielectric constants than their amorphous counterparts.
10
 We focus 
on epitaxial PrScO3 thin films in this work.  
 
5.2.2. Study for multifunctional perovskite oxides grown on rare-earth scandate 
substrates 
 
 As discussed in reference 20, the lattice constants of the commercially available 
perovskite substrates, such as YAlO3, LaSrAlO4, LaAlO3, NdGaO3, LaGaO3 and SrTiO3, 
tend to be smaller than many of the ferroelectric materials of current interest. This is 
because these commercially available substrates were developed to grow high-
temperature superconductor thin films, which have lattice constants ranging from 3.8 to 
3.9 Å. Recently, single crystals of GdScO3 (lattice constant ~3.97 Å) and DyScO3 (~3.94 
Å) were grown successfully by Czochralski method, which provide novel substrates to 
grow ferroelectric perovskite oxides.
20
 These substrates have close lattice parameters and 
small thermal expansion differences with BaTiO3 (a typical ferroelectric material) 
according to in-situ XRD measurements.
16
 Schubert et al. grew highly-crystalline 1 µm 
BaTiO3 films on (110) GdScO3  substrates by pulsed laser deposition.
12
 HRTEM revealed 
an atomically sharp interface between film and substrate. The optical losses were in 
BaTiO3/GdScO3 waveguide less than 2dB/cm at a wavelength of 632.8 nm. Karimoto et 
al. grew high-quality n-type superconducting thin films (Sr1-xLaxCuO2) with a Tc of over 
40 K on lattice-matched DyScO3 by molecular beam epitaxy.
13
 The optimally doped film 
seems to be free of strain, thus leading to a low resistivity of 75 µΩ cm at room 
temperature and 15 µΩ cm just above Tc. Haeni et al. reported the ferroelectric properties 





 The high Er at room temperature in these films (nearly 7,000 at 10 GHz) 
and its sharp dependence on electric field are promising for device applications. In their 
subsequent work, Biegalski et al. studied the ferroelectric properties of a 50 nm strained 
SrTiO3 film grown on DyScO3 substrates.
15
 X-ray rocking curve proves that full width at 
half maximum in ω-scan for (001)-pole is as narrow as 0.002. These films show a 
frequency-dependent permittivity maximum near 250 K, which is well fit by Vogel-
Fulcher equation. The in-plane remnant polarization was measured to be 10 µC/cm
2
 at 77 
K. The high Tmax is attributed to the biaxial tensile strain state, while the superimposed 
relaxor behavior is likely due to defects. 
 In summary, coherent perovskite thin films can be grown on rare-earth scandate 
substrates. In this work, we grew and characterized the strain-relaxed PrScO3 thin films 
that can be used as templates to substitute single crystalline PrScO3 substrates.
19,21
        
 
5.2.3. Domain/phase controlling in thin films via miscut substrates  
 
As we discussed in the introduction of Chapter 3, domain structures in thin films 
can be controlled by means of miscut substrates. There are a series of parallel atomic 
steps on the surface of miscut substrate, the steps probably provide the initial growth sites 
for step-flow growth mode, especially in the case of high rate diffusion coefficient along 
step edges.
22
 Gan et al. studied the effect of both miscut angle (α) and miscut direction 
(β) of vicinal substrate on the domain structure and epitaxial growth of SrRuO3 films.
23
 
SrRuO3 films were grown on miscut SrTiO3 substrates with α up to 4.1° and β up to 37° 
away from the in-plane [010] direction. Single domain SrRuO3 films can be obtained 
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with large miscut angle (>1.9°) and miscut a direction close to [010] direction. Compared 
with SrRuO3 films grown on exact SrTiO3 substrates, higher crystalline quality and better 
in-plane alignment were observed in SrRuO3 films on miscut SrTiO3 substrates. It is 
probably due to the growth mechanism changes from two-dimensional nucleation to step 
flow growth. Jiang et al. studied the microstructure of SrRuO3 films grown on exact and 
miscut SrTiO3 substrates by TEM.
24
 All six possible domains were observed on SrRuO3 
films grown on exact SrTiO3 substrate, while only one type of domain in SrRuO3 films 
grown on miscut SrTiO3 substrates. The orientation relationship between the film and 
substrate was determined by electron diffraction. Bu et al. employed a vicinal SrTiO3 
substrate to stabilize the perovskite phase in Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) thin 
film.
25
 XRD and TEM studies show that the PMN-PT grown on high angle miscut (>4°) 
SrTiO3 substrate is nearly pure perovskite phase, while there is high volume fraction of 
pyrochlore phase in PMN-PT films on exact SrTiO3 substrate. PMN-PT films grown on 
8° miscut substrates show a ferroelectric hysteresis loop with a remnant polarization of 
20 µC/cm
2
 at room temperature. Dekkers et al. studied the correlation between vicinal 
properties of SrTiO3 substrates and the twinning in YBCO thin films by x-ray reciprocal 
space mapping.
26
 On substrates having an [110] in-plane orientation of step edges, a 
completely preferred twin pair is observed if miscut angle is increased to 0.6°. While on 
substrates having their step edges oriented along one of the crystallographic axis, the 
films exhibit a de-twinning as the vicinal angle increases. With miscut angle increased to 
1.1°, single-domain YBCO film can be obtained.  
In summary, vicinal substrates can be used to stabilize metastable perovskite 
phases, manipulate the crystallographic (ferroelectric, ferromagnetic) domains, and 
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suppress the generation of defects in multifunctional perovskite oxide thin films. The 
anisotropic physical properties can be exploited in oxide thin films with single domain 
structure grown on vicinal substrates.
23




The PrScO3 thin films were grown by pulsed laser deposition, as described in 
Chapter 2. Here, we only emphasize that PrScO3 thin films were synthesized by either 
direct or two-step growth.
19
 In direct growth, 130 nm PrScO3 thin films were grown on 
substrates at 900 °C. In two-step growth, 30 nm PrScO3 thin films were grown at 900 °C 
and annealed ex-situ at 1200 °C. Then, an additional 100 nm PrScO3 thin film was 
deposited above annealed buffer layer. Cross-sectional slices for TEM studies were 
obtained by cutting the PrScO3/SrTiO3 sample parallel to the miscut direction on 
substrates in order to study the miscut effects on nucleation and defect structures. TEM 
samples were then prepared by mechanical grinding, polishing and dimpling, followed by 
Ar ion milling to electron transparency. TEM studies were carried out on a conventional 
TEM (Philips CM12 operated at 120 kV) and a high resolution TEM (JEOL 3011 
operated at 300 kV) with a point to point resolution of 0.17 nm. Electron diffraction 
simulation was conducted via commercial software (Crystalkit). And the TEM 






5.4.1 PrScO3 thin films grown on low-angle (<1°) miscut SrTiO3 substrates 
 
 Figure 5.1 are cross-sectional TEM micrographs of the (a) 130 nm PrSrO3 and (b) 
100 nm PrScO3 with 30 nm annealed PrScO3 buffer layer, both grown on low-angle 
(0.4°) miscut SrTiO3 substrates. One can see that the PrScO3 thin films synthesized both 
by the direct and two-step methods show columnar structures. The average column width, 
however, is very different between these two samples. The column width of two-step 
PrScO3 thin films is about 100 nm, much larger than the 30 nm width in PrScO3 thin 
films grown by direct growth. This indicates that the annealed PrScO3 buffer layer 
improved the crystalline quality of subsequently grown PrScO3 films dramatically. This 
assertion is corroborated by the full width at half maximum of the (220) pole, measured 
by x-ray diffraction.
19
 The crystallographic structures of these PrScO3 thin films were 
characterized by selective area electron diffraction (SAED), shown in figure 5.2(b). To 
index this pattern, diffraction experiments were simulated using the CrystalKit software. 
Figure 5.2(c) is the composite patterns including [001] and [ 1 10] zone axis electron 
diffraction patterns of orthorhombic PrScO3, respectively. Two [ 1 10] electron diffraction 
patterns are rotated 90° against each other in the paper plane. It is apparent that the 
resulting composite pattern matches well with the experimental diffraction pattern shown 
in the figure 5.2(b). This proves that there are three types of domains in PrScO3 thin 
films. This analysis shows that all three type domains exist in the PrScO3 thin films 
grown on 0.2° miscut (001) SrTiO3. The orientation relationship between three different 
domains and SrTiO3 substrate can be expressed as: 
 )110](101[ PrScO3 // )001](100[ SrTiO3 (α-type) 
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 )110](001[ PrScO3 // )001](100[ SrTiO3 (β-type)           (5.1) 
 )001](101[ PrScO3 // )001](100[ SrTiO3 (γ-type) 
A similar multi-domain structure reported in isostructual SrRuO3 thin films is due to a 
structural transition upon cooling.
27
 However, there exists no analogous structural 
transition in PrScO3 within the temperature range of room temperature to 1100°C.
19
 
Therefore, we believe that the multi-domain structure is formed at the deposition 
temperature. 
 To examine the atomic structure of the PrScO3 domains, high resolution TEM 
(HRTEM) was conducted. Figure 5.2(d) and (e) show cross-sectional HRTEM images of 
two domain boundaries from areas indicated by black rectangles in figure 5.2(a). As 
shown in these two images, the domain in the middle is -type while the domain on the 
left is -type and on the right α-type. This is also confirmed by the fast Fourier 
transformation (FFT) analysis (not shown here) taken from corresponding areas. In 
addition, it can be seen that the domain boundaries are atomically sharp. 
 In addition to the crystallographic domains described above, there are misfit 
dislocations distributed periodically along the film/substrate interface. Figure 5.3(a) is a 
high-magnification TEM micrograph showing several dislocation cores at the 
PrScO3/SrTiO3 interface. The atomic structure of a misfit dislocation core, incident 
electron beam aligned along the [100] SrTiO3 direction, is shown in figure 5.3(b). The 
Burgers vector was determined to be a <010> by drawing a Burgers circuit around the 
dislocation core. The spacing between neighbor dislocations is about 17.3 nm, while the 
theoretical equilibrium dislocations spacing can be calculated as 14 nm.
28
 This means that 
misfit dislocations relax the 82 % misfit strain between films and substrate. Considering 
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the multi-domain structure observed in PrScO3 films grown on low angle miscut SrTiO3 
substrates, the strain arising from the lattice mismatch between the thin film and substrate 
is relaxed by the formation of misfit dislocations and the multi-domain structures.  
 
5.4.2 PrScO3 thin films grown on high-angle (≥1°) miscut SrTiO3 substrates 
 
 For comparison with PrScO3 thin films grown on low-angle (<1°) miscut SrTiO3 
substrates, we also studied the microstructure of PrScO3 thin films grown on 4° miscut 
SrTiO3 substrates by both direct and two-step growth, which are shown in figures 5.4(a) 
and (b), respectively. One can see again that PrScO3 thin films exhibit the columnar 
structure in both samples. And the annealed PrScO3 buffer layer improves the crystalline 
quality of the subsequently grown PrScO3 thin films. The column width in PrScO3 grown 
by two-step growth is around 130 nm, which is larger than that in PrScO3 grown by direct 
growth (~30nm). The SAED was conducted to study the domain structure of PrScO3 thin 
films grown on 4° miscut SrTiO3 substrates, which is shown in the figure 5.4(c). 
Compared with computer electron diffraction pattern simulations described previously, 
Fig. 5.4(c) shows that the PrScO3 thin films grown on 4° miscut SrTiO3 comprise only 
one orientation relationship with the substrate: PrScO3 (110) [001] // SrTiO3 (001) [100], 
the -type domain in accordance with the above classification. This indicates that the 
PrScO3 thin films grown on 4° miscut SrTiO3 consist of a single domain. Though there is 
only one type of domain, many defect fringes in PrScO3 can be seen in figure 5.4(a). 
These fringes are identified as either antiphase boundaries bounded by partial 
dislocations or small angle (<1
o
) rotation domain boundaries. An HRTEM micrograph of 
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a typical antiphase boundary for this film is shown in figure 5.4(d). The atomic 
displacement between the left and right domains is P]001[
2
1
 in the pseudocubic setting. 
And figure 5.5 is a HRTEM image for an antiphase boundary bounded by a partial 
dislocation generated at PrScO3/SrTiO3 interface. It can be seen that this fringe is {011}-
type antiphase boundary. A similar defect has been reported on thin films with perovskite 
structures.
29
 An associated partial dislocation with a Burgers vector 1/2<011>-SrTiO3 is 
seen at the substrate/film interface, determined by the Burgers circuit shown in Fig. 5.5.  
Identical to PrScO3 thin films grown on low angle (<1°) miscut SrTiO3, periodic 
misfit dislocations were generated in the PrScO3 thin films grown on high angle (≥1°) 
miscut SrTiO3 substrates. Figure 5.6 is a high magnification TEM micrograph of several 
typical interfacial misfit dislocations of Burgers vector <100>. The average dislocation 
spacing is about 17.0 nm, again close to the equilibrium spacing of 14.5 nm. Therefore, 
the lattice mismatch between the film and substrate is also mainly relaxed by the 
formation of misfit dislocations at the interface. The inset is the HRTEM image for a 
dislocation core at PrScO3/SrTiO3 interface. The Burgers vector also can be determined 
as <010>-type.  
 Figure 5.7 is the bright field image for 100 nm PrScO3 thin film grown on 1° 
miscut SrTiO3 substrate by two-step growth. It can be seen that film shows the columnar 
structure too. SAED pattern (not shown here) proves that there is only one type of 
domain. Careful study for the fringes shown in Fig. 5.7 proves that the majority defects in 
this sample are small angle rotation domain boundaries. These studies prove that the 
miscut angle in vicinal SrTiO3 substrates can be as low as 1° to induce growth of single 
domain PrScO3 thin films.  
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 To quantify the crystalline quality in PrScO3 thin films grown on miscut SrTiO3 
substrates with different miscut angles, high-resolution x-ray diffraction measurement 
was conducted.
19
 Figure 5.8 is the comparison of full-width at half maximum (FWHM) 
on (220) pole in PrScO3 grown on 0.2, 1.0, 2.0 and 4.0
o
 miscut SrTiO3 substrates.
19
 It can 
be seen that FWHM in PrScO3 on 0.2 miscut SrTiO3 substrate is 0.17, which is the 
highest among these films; while FWHM increases from 0.045 to 0.09 when the miscut 
angle in SrTiO3 substrates changes from 1 to 4°. A qualitative discussion of the 
decreasing of FWHM in PrScO3 thin films grown on SrTiO3 substrates miscut at various 
angles is given.  
 
5.4.3 PrScO3 thin film grown on high-angle (2°) miscut LSAT substrates     
  
    It is of interest to study whether other miscut perovskite substrates may also be 
used to control the crystallographic domain structure of PrScO3 thin films. For this work, 
LSAT substrates were utilized for comparison. Figure 5.9(a) is a dark-field micrograph 
for PrScO3 film on LSAT substrate by two-step growth. (100) weak reflection was used 
to take this picture. One can see that there is only one type of crystallographic domain, 
which is similar to scenario happened in PrScO3 films grown on high angle (≥1
o
) miscut 
SrTiO3 substrates. This result proves that controlling crystallographic domains can be 
realized by means of miscut perovskite substrates. Figure 5.8(b) and (c) are SAED 
patterns taken from substrate and from the substrate and thin film, respectively. Figure 
5.9(b) was taken from substrate, which can be indexed as [100] zone axis of LSAT. And 
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figure 5.9(c) is the SAED pattern including PrScO3 film and LSAT substrate. The 
orientation relationship between PrScO3 film and LSAT substrate can be described as: 
                                [001] (110) PrScO3 // [100] (001) LSAT    (5.2) 
In accordance with above setting, the crystallographic domain in PrScO3 belongs to β-
type, too. Using reflection spots from LSAT as internal calibration, the lattice parameters 
in PrScO3 can be calculated as a=0.581 nm and b=0.550 nm. Comparing with lattice 
parameters in PrScO3 bulk material,
19
 we can conclude that the PrScO3 films are nearly 
fully relaxed. In the PrScO3/LSAT interface area, periodic misfit dislocations were also 
observed. Figure 5.8(d) is a high-magnification micrograph for misfit dislocations. The 
spacing between two neighboring misfit dislocations is measured as 10.4 nm, which is 





5.5.1 The improvement of crystal quality in PrScO3 thin films grown by two-step 
growth  
 
The improvement of crystalline quality in PrScO3 synthesized by the two-step 
growth method can be understood by considering the following scenario. In two-step 
growth, the first 30 nm PrScO3 thin film was grown at 900 °C and annealed at 1200 °C. It 
is expected that the lattice mismatch between 30 nm PrScO3 and substrates is relaxed via 
the formation of misfit dislocations, in agreement with our observations and pervious 
studies.
28,30
 The substrate now has effectively changed from the original SrTiO3 or LSAT 
to pseudo-substrates of PrScO3 exhibiting the bulk lattice constant. Now, on subsequent 
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PrScO3 growth, layer-by-layer or step-flow growth can now occur due to the virtual lack 
of any lattice mismatch between the film and the pseudo-substrate. In the case of high-
angle miscut substrates, the periodic atomic steps of the substrate also appear on the 
surface of pseudo-substrates, observable by atomic force microscopy.
23
 It is reasonable to 
assume that growth on these stepped pseudo-substrates is dominated by step-flow growth, 
in theory yielding very high crystalline quality films. However, it is possible that 
neighboring terraces are rotated against each other by 90° in low angle (<1°) miscut 
substrates or by small angles in high angle (≥1°) miscut substrates. These terraces quite 
probably affect the domain structures in the subsequent PrScO3 film. We expect it is for 
this reason that we observed the columnar structures in our PrScO3 films with small-
angle rotation domain boundaries, antiphase boundaries and dislocations at the interface 
between neighboring domains. On the contrary, direct growth PrScO3 thin films should 
follow three-dimensional growth because of its large lattice mismatch with SrTiO3 
(~3.1%) and with LSAT (~3.8%).
19
 It is for this reason that there are more extended 
defects, and hence smaller grain sizes, in direct growth versus two-step growth. As to 
preferential -type domain growth on high-angle (>1°) miscut substrates, this effect is 
possibly due to the relatively smaller strain energy along the pseudo-infinite direction of 
atomic steps in the -type domain than - or -type domains, as discussed in part 5.5.3. 
 
5.5.2 The possible crystallographic domains in PrScO3 thin films grown on 
perovskite cubic SrTiO3 substrates 
  
SrTiO3 has a cubic perovskite structure with the space group of Pm3m (no. 221) 
and lattice constant of 0.3905 nm. PrScO3 has a GdFeO3-type orthorhombic structure. 
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The space group has been determined to be Pbnm (No. 62) with lattice constants 
a=0.5609 nm, b=0.5777 nm and c=0.8031 nm.
24
 And crystal structure of PrScO3 can be 
viewed as pseudo-tetragonal structure. In this setting, lattice constant of aPT (subscription 
PT represents to pseudo-tetragonal structure) is equal to bPT but different from cPT 
(aPT=bPT=d110≠cPT= c /2). Therefore, PrScO3 thin films can be grown with either the (001) 
or (110) plane parallel to the SrTiO3 (001) plane (Miller indices of PrScO3 in this chapter 
are based on orthorhombic unit cell). Theoretically, PrScO3 thin films grown epitaxially 
on terraces of (001) miscut SrTiO3 substrates may have domains in one of six possible 
orientations relative to the substrate as shown in figure 5.10:
24 
-domains: PrScO3 (110) ]101[  // SrTiO3 (001) ]100[ ;  
-domains: PrScO3 (110) [001] // SrTiO3 (001) [100];              (5.3) 
-domains: PrScO3 (001) ]101[  // SrTiO3 (001) [100]; 
and their variants by a 180 in-plane rotation, which can not be distinguished from the 
above three domains in conventional TEM images.
24
 Figure 5.10 shows a schematic 
diagram of the three possible domain configurations in PrScO3/SrTiO3 system. 
 
5.5.3 The preferential growth of β-type domain in PrScO3 thin films on high-angle 
(≥1°) miscut SrTiO3 substrates 
 
To understand the effect of high angle (≥1°) miscut SrTiO3 substrate on the 
domain structure of the PrScO3 thin films, we consider the lattice misfit with different 
epitaxial orientations between PrScO3 and SrTiO3. As a result of a vicinal cutting, there 
are parallel terraces on the surface of 4° miscut SrTiO3 substrate (Fig. 5.10). Each terrace 
has infinite size perpendicular to miscut direction ([100] SrTiO3 direction in Fig. 5.10), 
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but finite size parallel to miscut direction ([010] SrTiO3 direction in Fig. 5.10) depending 
on miscut angle. Therefore, the strain state along infinite direction of terrace could be a 
crucial factor in the orientation of the domain during the nucleation and growth of PrScO3. 
Comparing the strain states in the three different domain configurations (Fig. 5.10), it can 
be seen that the lattice mismatch in the -type domain (2.8 %) is lower than that in - and 
-type domains (3.0 %) along the infinite direction of terraces. This possibly leads to the 
preferred -type domain in the PrScO3 thin films.   
 
5.5.4. The effect of microstructure of PrScO3 films on the crystalline quality 
 
 According to aforementioned full width at half maximum (FWHM) measurement 
[shown in Fig. 5.8], one can see that the FWHM of (220) pole has maximum value (0.17°) 
in PrScO3 on 0.2
o
 miscut SrTiO3 substrate, while it is 0.065° and 0.089° in PrScO3 grown 
on 1° and 4° miscut substrates, respectively. TEM result indicates that there are 6 
different variances in PrScO3 thin films grown on low-angle (<1°) miscut SrTiO3 
substrates. The reflection from (220) (Bragg angle is 22.291°) and (004) (Bragg angle is 
22.55°) pole can not be distinguished by x-ray diffraction. The FWHM of (220) pole 
therefore in PrScO3 grown on 0.2° miscut SrTiO3 substrate has highest value. However, 
there is only one type of variance when PrScO3 films grown on high-angle (≥1
o
) miscut 
SrTiO3 substrates, which leads to small FWHM values in PrScO3 films grown on high 
angle miscut SrTiO3 substrates. In detail, FWHM values in PrScO3 films grown on 1° 
and 2° miscut SrTiO3 substrates are 0.065° and 0.066°, respectively. They are smaller 
than that (0.088°) in PrScO3 grown on 4° miscut SrTiO3 substrate. Our TEM results show 
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that there are small-angle rotation domain boundaries, stacking faults bounded by partial 
dislocations in PrScO3 film grown on 4° miscut SrTiO3 substrate. It probably results in 
the larger FWHM value in PrScO3 grown on 4° miscut SrTiO3 substrates with respect to 
PrScO3 grown on 1° miscut SrTiO3 substrates. In later case, the majority defects in 
PrScO3 film grown on 1° miscut SrTiO3 substrate are small-angle rotation domain 
boundaries. Obviously, what the quantitative correlation between small angle and 




Strain-relaxed, single-domain PrScO3 templates can be grown on high-angle (>1°) 
miscut substrates (SrTiO3 and LSAT) by pulsed laser deposition.  
 
PrScO3 template grown on low angle (<1°) miscut SrTiO3 substrate is composed 
of six-type crystallographic domains. The orientation relationship between PrScO3 
template and SrTiO3 substrate has been determined. 
 
Ex-situ Annealed 30 nm PrScO3 buffer layer improves crystalline quality of 
successively-grown thick PrScO3 layer dramatically. However, the annealed template 
cannot be used to control crystallographic domain structures in PrScO3 thin film.   
 
When PrScO3 template was grown on high angle (≥1°) SrTiO3 substrate, there is 
only one type of variance in PrScO3 film. The orientation relationship between film and 
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substrate is: [001] (110) PrScO3 // [100] (001) SrTiO3. PrScO3 films with high crystalline 
quality can be grown on 1° miscut SrTiO3 substrate (FWHM of (220) pole is about 0.07). 
Lattice mismatch between films and substrates is mainly relaxed by the formation of 
misfit dislocations at PrScO3/SrTiO3 interface. The Burgers vector was determined as 
<100>a. 
 
Single domain PrScO3 films can be grown on high-angle (2°) miscut LSAT 
substrates, too. The orientation relationship between films and substrates is: [001] (110) 
PrScO3 // [100] (001) LSAT. PrScO3 thin film is also relaxed by misfit dislocations 
generated at PrScO3/LSAT interface. The Burgers vector belongs to <100>a type as well. 
   
The growth of single domain PrScO3 on high angle (≥1°) miscut SrTiO3 substrate 



















Fig. 5.1 (a) The bright field image of 130 nm PrScO3 thin films grown on 0.2° miscut 
SrTiO3 substrate by direct-growth. (b) The bright field image for 100 nm PrScO3 thin 
































Fig. 5.2 (a) The bright-field image for 100 nm PrScO3 grown on 0.4° miscut SrTiO3 
substrate synthesized by two-step growth. (b) The SAED pattern taken from PrScO3 thin 
film. The weak spots coming from three different crystallographic domains were labeled. 
(c) The simulated SAED pattern is composed of two [ 1 10] and [001] zone axis of 
PrScO3. Two [ 1 10] zone axis are rotated 90° against each other in paper plane. (d) The 
HRTEM image for grain boundary indicated by 1 in Fig. 5.2(a). (e) The HRTEM image 






































Fig. 5.3 (a) The high-magnification image for periodic misfit dislocations generate at the 
PrScO3/SrTiO3 interface in sample 130 nm PrScO3 grown on 0.4° miscut SrTiO3 
substrate by two-step growth. (b) The atomic structure of a misfit dislocation at the 
































Fig. 5.4 (a) Dark-field image for 130 nm PrScO3 thin films grown on 4° miscut SrTiO3 
substrates by direct growth. Antiphase boundary (APB) and small angle rotation domain 
boundaries (SARDB) are labeled in this micrograph. (b) The bright-field image for 100 
nm PrScO3 thin films grown on 4° miscut SrTiO3 substrates by two-step growth. (c) The 
SAED pattern from PrScO3 thin films showing there is only one type of domain. (d) The 




































Fig. 5.5 The HRTEM image for a {011}-type anti-phase boundary bounded by a partial 



























Fig. 5.6 The high-magnification image for periodic misfit dislocations at PrScO3/SrTiO3 
interface on sample 100 nm PrScO3 grown on 4° miscut SrTiO3 substrate by two-step 



























Fig. 5.7 (a) The bright-field image for 130 nm PrScO3 thin film grown on 1° miscut 
SrTiO3 substrate by two-step growth. (b) High-magnification image of periodic misfit 




























Fig. 5.8 The relationship between full-width at half maximum value of (220) pole in 



















































Fig. 5.9 (a) Dark field image of 100 nm PrScO3 grown on 2° miscut LSAT substrate by 
two-step growth. (b) The SAED pattern from LSAT substrate. (c) SAED pattern taken 
from area covering the PrScO3 thin film and LSAT substrate. (d) The high-magnification 
micrograph of periodic misfit dislocations generated at interface between PrScO3 and 

































Fig. 5.10 A schematic showing the three different crystallographic domain configurations 
in PrScO3 thin films grown on miscut SrTiO3 substrate. The orientation relationship 
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SUMMARY AND FUTURE WORK 
 
 The microstructure of strain-engineered and ferroelectric/crystallographic-
domain-engineered perovskite oxide thin films has been studied by transmission electron 
microscopy (TEM). There are three major material systems studied in this thesis: 1) 
Ferroelectric domain-engineered BiFeO3 thin films can be realized by means of miscut 
SrTiO3 substrates. 2) Coherent/strain partially-relaxed BaTiO3 and SrRuO3 bottom 
electrodes were grown on small lattice-mismatched substrates, GdScO3 and DyScO3, by 
pulsed laser deposition. 3) Strain-relaxed, single-domain PrScO3 templates were 
successfully grown on commercially available high angle (≥1°) miscut SrTiO3 substrates. 
Several materials science issues surrounding these materials have been studied by TEM 
and phenomenological thermodynamic theory. 
 Ferroelectric domains in multiferroic BiFeO3 thin films can be engineered via the 
employment of high-angle miscut SrTiO3 substrates. BiFeO3 thin films grown on low-
angle miscut (miscut angle <1°) SrTiO3 comprise the perovskite BiFeO3 phase and the α-
type Fe2O3 secondary phase. The orientation relationship between perovskite BiFeO3 and 
the α-type Fe2O3 secondary phase was determined by electron diffraction. In addition, 
electron diffraction and high-resolution TEM show that the BiFeO3 thin films grown on 
low-angle miscut SrTiO3 substrates are composed of 109° and 71° ferroelectric domains
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while those grown on high-angle (4°) miscut SrTiO3 substrates comprise only 71° 
ferroelectric lamellar domains. Ferroelectric hysteresis measurements show that the 
saturated spontaneous polarization in BiFeO3 thin films grown on 4° miscut SrTiO3 
substrates is higher than that of BiFeO3 thin films grown on 0.8° miscut SrTiO3 
substrates. This lower spontaneous polarization is related to domain pinning at the 71° 
and 109° ferroelectric domain boundaries. In addition, the domain width of 71° domains 
has a simple square root relation to thin film thickness. Compared with theoretical results, 
71° and 109° domain energies can be extracted via a fitting parameter. 
Strain-engineered BaTiO3 thin films can be realized by means of newly developed 
substrates (GdScO3 and DyScO3) grown by Czochralski method. These substrates impose 
the compressive strain in BaTiO3 thin films which are grown upon them. 
Crystallographic study shows that the lattice mismatches between BaTiO3 and GdScO3 
and DyScO3 substrates are as small as 0.5 and 1.2 %, respectively. Moreover, the thermal 
expansion coefficients in these substrates are closely matched to those of BaTiO3. 
Because of the unique combination of these two properties, BaTiO3 with SrRuO3 
electrodes can be grown coherently on GdScO3 and DyScO3 substrates. However, with 
increased thicknesses of the BaTiO3 layer, strain-partially relaxed BaTiO3 thin films 
grown on DyScO3 substrate have also been observed. Strain relaxation in BaTiO3/SrRuO3 
hetero-structures grown on GdScO3, DyScO3 and SrTiO3 substrates is discussed by 
thermodynamic theory. Results show that the major factors determining the strain 
relaxation in hetero-structure are the thickness of each layer, as well as lattice mismatch 
between each layer and substrate. Spontaneous polarization in strained BaTiO3 thin films 
grown on GdScO3 substrates are triple those of its bulk counterpart, as observed in 
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ferroelectric hysteresis measurements. In addition the Curie temperatures in coherent 
BaTiO3 thin films grown on GdScO3 and DyScO3 substrates can be increased to 400 °C 
and 540 °C, respectively, compared with Curie temperature of 120 °C in its bulk 
counterpart. These enhanced ferroelectric properties were correlated with the observed 
microstructure. 
PrScO3, another rare-earth scandate substrate, provides tensile strain in coherent 
BaTiO3 thin films. PrScO3 single crystals, however, cannot be grown by conventional 
Czochralski method due to high melting temperature (2100 °C) and non-congruency at 
the melting temperature. Strain relaxed PrScO3 template grown on SrTiO3 substrates is an 
alternative to a bulk PrScO3 substrate. In this work, strain relaxed, single domain PrScO3 
templates were grown on high-angle miscut SrTiO3 substrates. In comparison to the 
PrScO3 thin films grown on high-angle miscut SrTiO3 substrates, there are six types of 
crystallographic domains in PrScO3 thin films grown on low-angle miscut SrTiO3 
substrates. The orientation relationship between different crystallographic domains and 
the substrate is determined. The growth of preferential domain in PrScO3 thin films on 
high-angle miscut SrTiO3 substrates is discussed in terms of minimization of interfacial 
energy. 
Future work will be focused on growing coherent BaTiO3 thin films on high 
crystalline PrScO3 templates. As predicted by thermodynamics calculation, coherent 
BaTiO3 thin films grown on PrScO3 templates show a spontaneous polarization in the a-b 
plane. It will be very interesting to characterize the ferroelectric domain structures in 
tensile strained BaTiO3 thin films and to study the strain relaxation phenomena in this 
system. We expect to measure the dielectric constant, dielectric loss and dielectric 
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tunability in these tensile strained BaTiO3 films. To measure ferroelectric properties, we 
only need to use a top electrode because the spontaneous polarization is along the a-b 
plane. The top electrode used in electric characterization is inter-digital finger electrode. 
The corresponding metal electrode should be fabricated in a clean-room. As to the 
extension of the ferroelectric domain-engineered project, we expect to apply this method 
to other multiferroic materials, such as BiMnO3 and YMnO3. Previous results show that 
the spontaneous polarization in these materials (< 10 μC/cm
2
) is much smaller than that 
in BiFeO3, but their magnetic properties are superior to those of BiFeO3. An 
improvement in the ferroelectric properties of domain-engineered BiMnO3 and YMnO3 
thin films can be expected. Combining good magnetic properties and enhanced 
ferroelectric property, BiMnO3/YMnO3 thin films can be developed for memory devices 
based on multiferroic properties. The long-term goal is to integrate these domain-
engineered functional materials with Si-based semiconductor devices, such as dynamic 
random access memory, microelectronic devices and microelectromechanical systems 
(MEMS). 
 
 
